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Abstract

The topic of this thesis are Ramsey-type problems in random graphs and
hypergraphs. Ramsey theory has its origins in a famous 1930 paper by
Frank P. Ramsey. Loosely speaking its object of study are large structures
and conditions under which coloring these structures ensures that certain
monochromatic substructures must always appear. A simple example is
the question for the smallest complete graph such that regardless of how
we color its edges with 2 colors, a monochromatic triangle always appears.
The answer to this question is the complete graph Kg on 6 vertices. In fact,
even removing just a single edge from a Kg makes it 2 colorable without
a monochromatic triangle.

Random graphs were first introduced by Erdés and Rényi, and indepen-
dently Gilbert, in 1959. Erd6s and Rényi first considered the so-called
G(n,m) model, in which we select uniformly at random among all graphs
with n vertices and m edges. Gilbert considered the G(n, p) random graph
on n vertices in which every possible edge is present with probability p in-
dependently.

Bollobas and Thomason proved in 1987 that all “nice” graph properties
have a so-called threshold. A threshold is a function pg = po(n) such
that for p > pp it holds that G(n,p) does have the property in question
with probability tending to 1 for n — oo, while for p < pg the same
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viii Abstract

probability tends to 0. These two statements are usually referred to as
the 1-statement and the O-statement respectively. Much of the research
in random graph theory has been devoted to finding exact values for the
thresholds of various graph properties.

The study of Ramsey properties in random graphs was initiated by Luczak,
Rucinski and Voigt in 1992. For some fixed graph F and r > 2 they address
the question of the threshold for the property that every r-edge-coloring
of the random graph G(n,p) contains a monochromatic copy of F. The
problem was fully solved by Rodl and Rucinski which proved a O-statement
in 1993 and a matching 1-statement in 1995.

In a sense the results above can be seen as answering the question of how
many random edges we need to remove from the complete graph on n ver-
tices such that there exists an r-coloring without a monochromatic copy of
a fixed graph F'. In this setting we do not care which specific copy of F' is
monochromatic. A different kind of randomization was recently suggested
by Allen, Béttcher, Hladky and Piguet. Instead of removing edges, they
suggest to reduce the set of dangerous copies of F. The question is then
for the number of copies of F' which have to be randomly marked as not
dangerous such that an r-coloring of the edges of K, without a monochro-
matic copy of F' which is still marked as dangerous becomes possible. In
this thesis we address the question for the threshold of this problem, and
also combine both kinds of randomization.

A k-uniform hypergraph is a generalization of the concept of graph in

which every (hyper-)edge contains not 2 but k& many vertices for some

integer k > 2. A random k-uniform hypergraph on n vertices is such that
n

every one of the (k) possible hyperedges is present independently with
probability p. For k = 2 this corresponds to the G(n,p) model.

With intuitive arguments Rodl and Rucinski conjectured in 1998 that a
natural extension of their results for the 1-statement in the graph case
should also hold for random k-uniform hypergraphs. They proved this
conjecture for 2 colors and the complete 3-uniform hypergraph on 4 ver-
tices. Together with Schacht in 2007 they expanded this to all k-partite,
k-uniform hypergraphs. In 2010 Friedgut, R6dl and Schacht, settled the
general conjecture. Conlon and Gowers also independently obtained simi-
lar results.

It is widely believed that this 1-statement is tight for most hypergraphs F'.
In this thesis we prove a matching 0-statement showing that this is indeed
true for many hypergraphs. However we also show that there are many
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more exceptions to this than in the graph case. In particular we show an
example for which the 1-statement is not tight and threshold is given by
the so-called asymmetric Ramsey game, in which a different hypergraph
has to be avoided in each color.

We also turn our attention to so-called online problems. In every setting
discussed so far we are allowed to see the entire random graph or hyper-
graph before committing to a coloring. In online games this is no longer
the case and edges or vertices are revealed little by little in successive
rounds, and we have to immediately commit to a coloring after each such
round.

We study the online balanced Ramsey game in which a player has r colors
and where in each step r random edges of an initially empty graph on n
vertices are presented. The player has to immediately assign a different
color to each edge and her goal is to avoid creating a monochromatic copy
of some fixed graph F' for as long as possible. We contrast this game to the
similar Achlioptas game in which the player is again presented with r edges
but is allowed to discard r — 1 of them. Her goal is again to avoid creating
a copy of F. This corresponds to a balanced Ramsey game in which only
one color is forbidden. Similarly to the non-online (i.e. offline) cases, the
typical duration of such a game exhibits a threshold-type behavior.

Krivelevich, Spohel and Steger asked the question of whether these two
games have the same threshold or not, as all results known so far show
that this is the case for all non-trees. The intuition behind this question
being that the balanced game may in fact not be more “difficult” than the
Achlioptas game, as the player is always fighting some worst-case color
and is not bothered by the remaining ones. Here we answer this question
negatively for the edge-coloring version of these two games. We also con-
sider the vertex-coloring variant and we show that in contrast to the edge
case these two games indeed do have the same threshold.
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Zusammenfassung

Das Thema dieser Arbeit sind Ramsey-Probleme in Zufallsgraphen und
Zufallshypergraphen. Ramsey-Theorie hat ihren Ursprung in einer 1930
verfassten Arbeit von Frank P. Ramsey. Sie befasst sich im weitesten Sin-
ne mit der Erforschung von Bedingungen die beim Féarben einer grossen
Struktur das Erscheinen von einfarbigen Substrukturen garantieren. Ein
einfaches Beispiel ist die Frage nach dem kleinsten vollstdndigen Graphen,
dessen Kanten man nicht mit zwei Farben so firben kann, dass kein ein-
farbiges Dreieck entsteht. Die Antwort zu dieser Frage ist der vollstandige
Graph Kg mit 6 Knoten. Es gilt sogar, dass das Entfernen einer einzigen
Kante geniigt um eine 2-Farbung zu ermoglichen, welche kein einfarbiges
Dreieck enthiilt.

Zufallsgraphen sind erstmals 1959 in den Arbeiten von Erdds und Rényi,
und unabhéngig davon die von Gilbert, erwidhnt worden. Erdés und Rényi
haben das sogenannte G(n, m) Modell eingefiihrt. In diesem Modell wihlt
man uniform ein zufilliges Element der Menge aller Graphen mit n Kanten
und m Knoten. Gilbert hingegen hat sich mit dem G(n,p) Modell ausein-
andergesetzt, in dem man in einem Graphen mit n Knoten jede mogliche
Kante unabhéngig mit Wahrscheinlichkeit p auswéhlt.

Bollobas und Thomason haben 1987 bewiesen, dass “schéne” Eigenschaf-
ten von Graphen einen Schwellenwert haben. Ein Schwellenwert ist eine
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xii Zusammenfassung

Funktion py = po(n), so dass fiir p > po gilt, dass G(n,p) eine gewisse
Eigenschaft mit Wahrscheinlichkeit 1 — o(1) besitzt, wogegen fiir p < pg
diese Wahrscheinlichkeit gegen 0 strebt. Um einen solchen Schwellenwert
genau zu bestimmen, beweist man {iblicherweise eine untere und eine obere
Schranke dafiir. Ein grosser Teil der Forschung in diesem Gebiet beschéftigt
sich dem genauen Bestimmen der Schwellenwerte fiir interessante Graphe-
neigenschaften.

Luczak, Rucinski und Voigt haben 1992 als erste Ramsey-Probleme in
Zufallsgraphen betrachtet. Fiir einen fixen Graphen F' und r > 2 fragen
sie nach dem Schwellenwert fiir die Eigenschaft, dass jede Féarbung der
Kanten von G(n,p) mit r Farben eine einfarbige Kopie von F' enthiilt.
Diese Frage wurde von R&dl und Rucinski vollstédndig beantwortet, 1993
haben sie eine untere Schranke bewiesen und 1995 eine dazu passende
obere Schranke.

In einem gewissen Sinne beantworten diese Resultate die Frage nach der
Anzahl zufilliger Kanten, welche man aus einem vollstindigen Graphen
mit n Knoten entfernen muss, so dass eine r-Farbung moglich wird, welche
keine einfarbige Kopie von F' enthélt. In diesem Zusammenhang ist es egal
welche Kopie von F' genau einfarbig ist, alle sind gleich gefdhrlich. Eine
andere Art der Randomisierung wurde vor kurzem von Allen, Bottcher,
Hladky und Piguet vorgeschlagen. Anstatt Kanten zu entfernen, konnte
man auch die Menge der “gefihrlichen” Kopien von F' kleiner machen.
Die Frage ist also nach der Anzahl Kopien von F welche man (zufillig) als
ungefihrlich markieren muss, um eine r-Farbung von K,, zu ermoglichen,
welche keine immer noch gefahrliche und einfarbige Kopie von F' enthilt.
In dieser Arbeit bestimmen wir den genauen Schwellenwert fiir die Anzahl
gefdhrlicher Kopien von F. Wir kombinieren auch die beiden obigen Arten
der Randomisierung zu einer einzigen Aussage.

Ein k-uniformer Hypergraph ist eine Verallgemeinerung des Konzeptes ei-
nes Graphen. Jede Kante besteht nicht mehr aus 2, sondern aus k vielen
Knoten, wobei k > 2 eine ganze Zahl ist. Ein k-uniformer Zufallshyper-
graph auf n Knoten enthélt jede der (Z) moglichen Kanten unabhéngig
mit Wahrscheinlichkeit p. Fiir &k = 2 entspricht dies dem G(n,p) Modell.

Mit intuitiven Argumenten haben Rodl und Ruciriski 1998 die Vermutung
aufgestellt, dass ihre Aussagen iiber die obere Schranke fiir den Schwel-
lenwert im Graphenfall auch in dhnlicher Form fiir Hypergraphen gelten
miissten. Sie haben dies fiir den Fall von 2 Farben und dem vollstédndigen 3-
uniformen Hypergraphen auf 4 Knoten bewiesen. Zusammen mit Schacht
haben sie ihre Vermutung spéter auch fiir k-partite, k-uniforme Hyper-
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graphen bewiesen. Ein Beweis dieser Aussage fiir beliebige Hypergraphen
wurde 2010 von Friedgut, R6dl und Schacht gefunden. Conlon und Gowers
haben unabhéngig dhnliche Resultate erzielt.

Es wird allgemein angenommen, dass das obige Resultat fiir eine gros-
se Klasse von Hypergraphen bestmoglich ist. In dieser Arbeit beweisen
wir dies mit einer passenden unteren Schranke. Wir beweisen aber auch,
dass im Gegensatz zum Graphenfall fiir viel mehr Hypergraphen die obere
Schranke von Rédl und Rucinski nicht bestmoglich ist. Insbesondere zeigen
wir ein Beispiel von einem Schwellenwert der strikte unter deren oberen
Schranke liegt, und vom sogenannten asymmetrischen Ramsey-Problem
herrithrt. Im Gegensatz zum obigen (symmetrischen) Problem versucht
man im asymmetrischen Fall in jeder Farbe ein anderer Hypergraph zu
vermeiden.

Wir betrachten auch sogenannte online Probleme. In den bisherigen Pro-
blemstellungen war der gesamte zu farbende Graph oder Hypergraph vor
dem Féarben bekannt. In online Spielen ist dies nicht mehr der Fall, und
Knoten oder Kanten werden schrittweise in mehreren Runden enthiillt.
Wir miissen die Farbung fiir die neu enthiillten Knoten oder Kanten so-
fort bestimmen, bevor die néchste Runde beginnt.

Wir betrachten das balancierte Ramsey-Spiel in dem der Spieler r Farben
zur Verfiigung hat, und in jeder Runde r Kanten eines anfianglich leeren
Graphen auf n Knoten enthiillt werden. Der Spieler muss nach jeder Run-
de jeder Kante eine unterschiedliche Farbe zuweisen. Sein Ziel ist es eine
einfarbige Kopie eines fixen Graphens F' zu vermeiden. Wir vergleichen
dieses Spiel mit dem dhnlichen Achlioptas-Spiel, in dem in jeder Runde
auch r Kanten enthiillt werden, wo der Spieler aber » — 1 davon wieder
verwerfen darf. Das Ziel ist auch hier wieder eine Kopie von F' zu verhin-
dern. Das entspricht einem balancierten Ramsey-Spiel, in dem nur Kopien
von F' in einer fixen Farbe verboten sind. Gleich wie in den nicht-online
(d.h. offline) Féillen hat die erwartete Dauer eines solchen Spiels einen
Schwellenwert.

Krivelevich, Spohel und Steger haben die Frage gestellt ob diese beiden
online Spiele den gleichen Schwellenwert haben oder nicht. Die bisher
bekannten Resultate zeigen némlich, dass dies fiir alle Graphen (ausser
Bédume) der Fall ist. Die Intuition hinter dieser Frage ist, dass das balan-
cierte Ramsey-Spiel eigentlich nicht schwerer als das Achlioptas-Spiel sein
konnte, weil der Spieler sowieso immer nur gegen eine schlechtestmaogliche
Farbe “ankdmpft”, und die restlichen r — 1 Farben somit eigentlich ir-
relevant sind. Im letzten Teil dieser Arbeit beantworten wir diese Frage
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und zeigen, dass diese zwei Spiele auch fiir nicht-Bdume unterschiedli-
che Schwellenwerte haben kénnen. Wir betrachten auch die Varianten die-
ser Spiele, in denen Knoten statt Kanten enthiillt und gefirbt werden.
In diesem Fall gilt im Gegensatz zum Kantenfall, dass die beiden Spiele
tatséichlich den gleichen Schwellenwert haben.
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Chapter

Introduction

Ramsey theory is named after F. P. Ramsey and his seminal paper [Ram30].
Simplifying his results, he proved that for every integer ¢ > 1 there exists
a constant R(¢), such that no matter how we color the edges of a complete
graph with R(¢) many vertices with the colors red or blue, we are always
forced to create a monochromatic clique of size £. The numbers R(¢) are
called the Ramsey numbers.

This seemingly simple statement has deep implications and has sparked
an entire branch of combinatorics called Ramsey theory. Loosely speak-
ing its object of study are large structures and conditions under which
coloring these structures ensures that certain other monochromatic sub-
structures must always appear. For example in Ramsey’s theorem we color
large cliques and want to known conditions which guarantee that smaller
monochromatic cliques appear. The answer in Ramsey’s theorem is given
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in terms of the minimum number of vertices of the large clique, but we
may also ask e.g. for the minimum number of edges in any graph which
guarantees the same.

Ramsey-type questions are asked in many different settings (we describe
some of them in the next chapter), but our interest in this thesis is in
the setting of graphs and hypergraphs, and more specifically of random
graphs and hypergraphs, which we introduce below. In this setting it is
common to denote the property that every r-edge-coloring of some graph
(or hypergraph) G contains a monochromatic copy of F' by the notation
G — (F)¢, and G — (F)? if instead of edges we color vertices. With this

notation Ramsey’s theorem may be stated as: for all £ > 1 there exists
some constant R(¢) such that Kpy — (Ky)s.

The name random graph refers to two different but closely related models
which were introduced by Paul Erdés and Alfréd Rényi in 1959 [ER59)
and independently in the same year by Edgar Gilbert [Gil59]. Erd8s and
Rényi first introduced the so called G(n,m) model, in which a graph is
chosen uniformly at random among all possible graphs on n vertices and m
edges. The second model is called G(n,p) and was introduced by Gilbert.
In this second model we fix n vertices and each of the () possible edges is
present independently with probability p. In many situations, if m = (})p
and n%p — oo, these two models are equivalent.

The behavior of random graphs is usually studied for n — oo and m or
p are chosen as a function of n. Bollobds and Thomason [BT87] proved
that every “nice” graph property, including many natural ones such as
e.g. being connected or containing some small subgraph, have a so-called
threshold. A threshold for a graph property A is some my = mg(n) such
that

lim P[G(n,m) satisfies A] =

n—oo

0 if m<mg
1 ifm>mg

or, in the case of the G(n,p) model, some py = py(n) such that

{0 if p < po

lim P[G(n,p) satisfies A] =
1 if P > Po-

n—oo
(While of course any pj = ¢pg or m{, = cmyg for some positive constant ¢

also satisfies the above equations, it is customary to talk about the thresh-
old.)

A typical Ramsey-type question for random graphs is the one for the
threshold for the property G(n,p) — (F)¢ or G(n,p) — (F)Y, where

T T



F is some fixed graph. The study of this type of question was initi-
ated by Luczak, Rucinski and Voigt in [ERV92], where they considered
vertex colorings and established the threshold for G(n,p) — (F)} for ar-
bitrary graphs F. They also considered edge colorings and established
the threshold for G(n,p) — (K3)5. In a subsequent series of papers Rodl
and Ruciriski [RR93], [RR94, [RR95] fully solved the edge coloring problem.
They proved that for all » > 2 and all graphs F' which are not forests of
stars, or (in the case r = 2) forests of stars and at least one path on 3
edges, there exist two positive constants ¢, C' such that

1 ifp>Cn~Y/me(F)
0 ifp<en Vm2(F)

lim P[G(n,p) = (F);] = {
n— oo

where mgo(F') := maxpycp ZEI:I% The cases of stars and paths of 3 edges
are exceptional, and the corresponding thresholds are strictly lower than
what would be obtained as above with mg(-).

A k-uniform hypergraph is a straightforward generalization of the concept
of a graph in which each edge contains not 2, but k£ > 2 many different ver-
tices. A random k-uniform hypergraph H¥(n,p) is accordingly obtained
from an empty hypergraph on n vertices by selecting each of the (Z) pos-
sible edges with probability p independently. For k = 2 this is equivalent

to the G(n,p) model.

R6d] and Ruciriski [RR9S] first considered Ramsey-type properties for ran-
dom hypergraphs, specifically the question for the threshold of H*(n,p) —
(F)¢. They conjectured that at least the upper bound in their results for
the graph case should transfer to the case of hypergraphs by replacing
ma(-) by mg(F) := maxgcp % They verified this in the case of two
colors and the complete 3-uniform hypergraph on 4 vertices. Together
with Schacht in 2007 they extended this to include all k-partite, k-uniform
hypergraphs. Recently Friedgut, R6dl and Schacht [FRS10], and indepen-
dently Conlon and Gowers [CGI10], proved the full conjecture. It is widely
believed that this upper bound is tight for most hypergraphs F', however
no corresponding lower bounds are known. In this thesis we address this
question and show a matching lower bound for a large class of hypergraphs.
We also present examples of hypergraphs for which the upper bound is not
tight.

A related Ramsey-type question is the so-called asymmetric Ramsey prob-
lem in random graphs. Instead of avoiding a monochromatic copy of the
same graph F' in all colors as above, in thea symmetric Ramsey case we
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want to avoid a graph Fj in red, a graph F5 in blue, and so on for all r > 2
colors. This problem was first introduced by Kohayakawa and Kreuter in
IKKO97], where they determined the threshold for the appearance of some
combinations of cycles (and some more general cases). The authors also
conjectured a general threshold. Kohayakawa, Schacht and Spohel [KSS]
proved an upper bound for r = 2 and two graphs G and H satisfying
some mild conditions. Nenadov [Nenl3] recently generalized their results
to random k-uniform hypergraphs.

In all settings discussed so far the entire instance of G(n,p) is always
known before coloring its edges. In so-called online problems this is no
longer the case. In such settings edges of a random graph on n vertices
are revealed a little at a time and we must immediately commit to a
color before the next ones are revealed. The goal is to avoid creating
some monochromatic structure, e.g. a monochromatic copy of some fixed
graph F. These questions are usually stated as a game in which a player
called Painter colors the edges or vertices. The reason for this is that the
typical duration of such a game depends heavily on the strategy of Painter.
For “reasonable” strategies the typical duration of the game exhibits a
threshold type behavior, i.e. there exists some Ny = Ny(n) such that
Painter can win with probability 1 — o(1) using this strategy if the game
is played for m < Ny many rounds, while she loses it with probability
1 —o(1) for m > Ny. If we ask for the threshold for a given game, we
instead ask for a threshold such that below it there exists a strategy such
that Painter can win with high probability, while above it she almost surely
loses, regardless of her strategy.

This type of question was first asked by Friedgut, Kohayakawa, Rodl,
Ruciniski and Prasad in [FKRT03|, where they established a threshold of
n*/3 for the typical duration of the game in which one edge is revealed at a
time which must immediately be colored either red or blue while avoiding
the creation of a monochromatic triangle.

Of interest in this thesis is in particular the balanced online Ramsey game.
In this game Painter has r colors at her disposal and r edges are revealed
at a time. In each round Painter must assign a different color to each edge
and her goal is to avoid creating a monochromatic copy of some fixed graph
F'. The came is called balanced because its rules force all color classes to
have exactly the same size. This game was first introduced by Marciniszyn,
Mitsche and Stojakovié [MMSQT], which found the threshold for avoiding
cycles with 2 colors. Prakash, Spohel and Thomas [PST09] generalized
these results to an arbitrary number of colors and proved thresholds valid
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for a large class of graphs including cycles and cliques. They also studied
the vertex variant of this game and proved similar results.

A related type of problem are so-called Achlioptas processes. These have
their origin in a question asked by Achlioptas: if we start with an empty
graph on n vertices, reveal 2 edges at a time, and must immediately choose
which one to keep and which one to discard, is there a way to select the
edges such that we can accelerate or delay the appearance of certain sub-
structures in this graph graph? His original question concerned delaying
the appearance of a so-called giant component, i.e. a connected component
of size linear in the number of vertices, and this was answered positively
by Bohman and Frieze in [BEOI]. This result spurred a lot of interest
in this kind of processes, and they were generalized in many ways. One
example of this are the results by Krivelevich, Loh and Sudakov [KLS09],
which considered the F-avoidance game in the Achlioptas setting. This
process may be seen as a weaker version of the balanced Ramsey game
in which one color represents chosen edges and all others discarded ones.
Accordingly the F' avoidance game in the Achlioptas process is essentially
a balanced Ramsey game for which only red copies of F' are dangerous.

1.1 Results in this thesis

1.1.1 A Randomized Version of Ramsey’s Theorem

The randomization of Ramsey’s theorem by Rodl and Ruciriski [RR93|
RR95| asks for a threshold for p and the property G(n,p) — (F)¢. Their
randomization can also be interpreted as the question of how many edges
one needs to remove from the complete graph on n vertices, such that an
r-edge-coloring without a monochromatic copy of F' becomes possible.

In Chapter [4 we consider a different randomization that was recently sug-
gested by Allen, Bottcher, Hladky and Piguet [ABHP13]. Let Rz (n,q) be
a random subset of all copies of F' in K,,, in which every copy is present in-
dependently with probability g. For which functions ¢ = g(n) is it possible
to color the edges of K, with r colors such that no monochromatic copy
of F is contained in Rr(n,q)? In other words they suggest that instead
of removing edges we remove copies of F' from the set of those that cause
us to lose if they are monochromatic.

We answer this question for strictly 2-balanced graphs F. Moreover, we
combine both randomizations and prove a threshold result for the property
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that there exists an r-edge-coloring of G(n, p) such that no monochromatic
copy of F'is contained in R (n,q).

These results are joint work with Yury Person, Angelika Steger and Hen-
ning Thomas [GPST12].

1.1.2 Lower bounds for Ramsey properties of random
hypergraphs

In Chapter [b] we consider the extension of the results by Rodl and Ruciriski
to the hypergraph setting. It is widely believed that the upper bound
by Friedgut, R6dl and Schacht (and independently Conlon and Gowers)
discussed above is tight in most cases. So far however no explicit results are
known. We prove a matching lower bound which holds for all hypergraphs
F which do not have an “obvious counterexample” of finite size. In the
graph case forests of stars and forests of stars and at least one path on 3
edges are in a certain sense exceptional. We show that in the hypergraph
case there are many more exceptional cases in which the upper bound is
not tight. We also show that in contrast to the graph case in at least one
example the threshold for the symmetric problem is given by an instance
of the asymmetric Ramsey problem.

These results are joint work with Yury Person, Angelika Steger and Hen-
ning Thomas.

1.1.3 Balanced Coloring Games in Random Graphs

In Chapter [6] we turn our attention to online games. We compare the
balanced Ramsey game with a game similar to the Achlioptas process
outlined above. In this Achlioptas game r instead of 2 edges are revealed
at a time, and instead of choosing one edge and discarding the remaining
r — 1, we have r colors and must assign a different one to each revealed
edge. The goal is to avoid creating a red copy of some fixed graph F' for
as long as possible. In other words this game is a weaker version of the
balanced game in which only one color is dangerous.

Krivelevich, Spéhel and Steger noted in [KSSI0] that all known results
for graphs F' which are not a forest show that the threshold for these two
games coincide. They ask whether this is true for all non-forest F'.

We answer this question negatively for the edge version of both games. We
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show that there is an infinite family of non-forests F' for which the balanced
Ramsey game has a different threshold than the Achlioptas game. We also
consider the natural vertex analogues of both games and show that their
thresholds coincide for all graphs F', in contrast to our results for the edge
case.

These results are joint work with Reto Spohel [GS14].
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Chapter

Notation

In this chapter we introduce notation that is used throughout the the-
sis. Most chapter-specific notation is instead introduced in the chapters
themselves.

2.1 Graphs and hypergraphs

Unless specified otherwise all graphs or hypergraphs in this thesis are sim-
ple, i.e. undirected and without multiple edges. All hypergraphs are k-
uniform for some integer k > 2, in other words such that the number of
vertices contained in each hyperedge is equal to k. We assume that ev-
ery graph or hypergraph contains at least one vertex and we say that it is
empty if it contains no edge, and non-empty otherwise. We usually use the
term edge instead of hyperedge for hypergraphs as well, unless (as above)

9
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we wish to emphasize that we are talking about an edge of a hypergraph.

For a graph or hypergraph G use the notation V(G) and E(G) for the
vertex and (hyper)edge-set respectively, and v(G), e(G) for their respective
sizes. The degree of a vertex v in G is indicated by degq(v) or just deg(v)
if G is implied from the context. The minimum degree over all vertices is
d(G), and the maximum is A(G).

We often discuss graphs and hypergraphs side by side and compare results
for graphs to their counterpart for hypergraphs. Strictly speaking for k = 2
these are the same, so in these contexts “hypergraph” implicitly refers to
the case of uniformity k& > 3.

Throughout the thesis K, denotes a complete graph on ¢ vertices, Cy a
cycle on ¢ edges and P, a path on ¢ edges. Further Sy is a star with /¢
rays, and K, is the complete bipartite graph with partitions of s and ¢
vertices. The complete k-uniform hypergraph on ¢ > k vertices is denoted
by K f . A matching is a graph with maximum degree 1.

The subgraph (or subhypergraph) of F induced by a set W C V(F) is
F[W]. If W is not a subset of V(F'), then F[W] denotes F[W NV (F)]. By
F ¢ G we denote the disjoint union of two graphs or hypergraphs F' and
G.

In Chapter@we use the notions of ordered and of r-matched graphs (which
are explained there). Where notions such as the vertex set, edge set, degree
etc. are transferable to these types of graphs we use the same notation as
for simple graphs.

€

In the context of Ramsey-type problems we use the notation G — (F)¢
to indicate that every edge coloring of a graph G with r colors creates a
monochromatic copy of a graph F. We use G — (F)Y if instead we color
vertices. Both G and F' may also be hypergraphs.

With G(n, p) we always indicate a random graph on n vertices in which ev-
ery possible edge appears with probability p independently. With G(n,m)
a random graph selected uniformly at random among all graphs with n
vertices and m edges. For p = m = 1 this notation may be ambiguous,
but the risk of confusion is minimal in our settings. For hypergraphs we
use H*(n,p) to denote the random k-uniform hypergraph on n vertices
in which every possible k-tuple of distinct vertices is a hyperedge with
probability p independently.
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2.2 Asymptotics

Unless stated otherwise all our asymptotics are with respect to n, which
usually indicates the number of vertices of some random graph or hyper-
graph. We use the standard Landau symbols w, 2, 0, O, © with their usual
meaning, and also use f(n) < g(n) for f(n) = o(g(n)) and f(n) > g(n)
for f(n) = w(g(n)).

In the context of probabilities we use the phrase asymptotically almost
surely, (a.a.s.) meaning that for a series of events &, it holds that P[E,] =
1—0(1) as n — oco. We may also use with high probability (w.h.p.) to
mean the same.

2.3 Useful tools

On several occasions we make use use the following proposition.

Proposition 2.1. Let a,c, >0 and b,d > 0. Then we have

a c a—+c
— d —-> d
b>ﬂ an d_ﬂ == b+d>[3,an
a c a—+c
— d =< e .
b<ﬁ an d,B b+d<ﬂ
Further, if b # d, we have
a—c a a c a—+c a a c
> = - > — d Z = - < —
b—d<b b<d " brd<0 b= d
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Background and related work

3.1 Ramsey theory

Ramsey theory has its roots in a statement proved by Frank P. Ramsey
[Ram30] in 1930. On a very high level Ramsey theory studies conditions
which ensure that order appears when partitioning large structures.

Before we present Ramsey’s theorem consider this simpler observation,
which has come to be known as the pigeonhole principle. It states that
if n pigeons are sitting in m pigeonholes, and n > m, then there must
exist some pigeonhole containing two or more pigeons. This observation is
trivial, but it contains many of the features of Ramsey theory. We partition
pigeons into pigeonholes, the “order” in this case are shared pigeonholes,
and the necessary condition for it to appear is n > m.

13
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Theorem 3.1 (Ramsey Theorem, [Ram30]). For all positive integers k,
L, r there exists a smallest integer n(k,l,r) such that if the set of subsets
of size k of a set N of sizen > n(k, ¥, r) is colored arbitrarily with r colors,
then there exists some subset N' C N of size £ such that all the subsets of
size k of N' have the same color.

The above is the finite version of Ramsey’s theorem, in his seminal work
he also proved a stronger version which holds for countably infinite sets.

Ramsey’s theorem is most commonly presented as a much more accessible
statement about complete graphs K,, on n vertices. We obtain it from the
theorem above by choosing N as the set of vertices of a K,,. Then we set
k = 2, i.e. we consider the set of all 2-element subsets of IV, or equivalently
consider the edge set of K,,. The theorem above then guarantees the exis-
tence of a smaller complete graph K, which is monochromatic, regardless
of how we color the edges of K,.

Theorem 3.2 (Ramsey Theorem for graphs). For any £ > 0 there exists
a number R(¢) such that regardless of how one colors the edges of the
complete graph K, on n > R({) vertices with 2 colors, it always contains
a monochromatic complete graph on ¢ vertices.

The numbers R(¢) are called Ramsey numbers. It is known that R(1) =1,
R(2) = 2, R(3) = 6 and R(4) = 18. For R(5) the best known bounds
are 43 < R(5) < 49, [Exo89, IMRI7]. Any higher numbers are similarly
unknown, an extensive survey of known bounds is found at [Rad11]. These
numbers are famously difficult to compute. Graham and Spencer [GS90]
recount the following story, attributed to Paul Erdés.

Aliens invade the earth and threaten to obliterate it in a year’s
time unless human beings can find R(5). We could marshal
the world’s best minds and fastest computers, and within the
year we could probably calculate the value. If the aliens de-
mand R(6) we would have no choice but to launch a preemptive
attack.

The asymptotic behavior of R(¢) as £ — oo is one of the biggest open
questions in Ramsey theory. With comparatively simple arguments Erdés
and Szekeres [ES35] [Erd47] proved that

2//2 < R(0) < 2%
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Despite considerable effort the constants 1/2 and 2 in the exponent are
still best possible. The results by Erdds and Szekeres are actually slightly
tighter, in the above we omitted some small factors. There have been
several other improvements over the years [Spe75] [GR8T, [Tho88| [Con09],
however the two constants in the exponents remained unchanged. Even the
most minute improvement to them would be considered a breakthrough.

Ramsey numbers are generalized in several ways. Of considerable interest
are the asymmetric Ramsey numbers, denoted R(¢, k). Here we ask for the
smallest integer R({, k) so that all 2 colorings of the edges of a complete
graph on R(¢, k) many vertices contains either a red K; or a blue Kj.

Another generalization is to replace the complete graphs by arbitrary
graphs F and G. We write G — (F)¢ if every r coloring of the edges
of G induces a monochromatic copy of F', and we write G — (F)¥ for the
same statement if we color vertices instead. An example of such a state-
ment would be K37 — (C4)5, which says that every 2-edge-coloring of a
complete bipartite graph with partitions of 3 and 7 vertices must contain

a monochromatic cycle of length 4.

A further related topic are the so-called size-Ramsey numbers r.(F) for a
given fixed graph F. r.(F) is defined as the smallest number of edges in
any graph G satisfying G — (F)§. The study of this type of question was
first proposed by Erdds, Faudree, Rousseau and Schelp [EFRST7S], which
among other things proved that r.(K;) = (R(é("')).

Ramsey theory is however not only confined to graphs. One of its ear-
liest results is by Schur [Schl6] and it even predates Ramsey’s famous
paper. It states that for some fixed number of colors r there exists some
integer ng = ng(r) such that every r-coloring of the integers 1,...,nq
contains a monochromatic solution to the equation z + y = z. Van der
Waerden [vdW27] proved a similar theorem concerning the appearance
of a monochromatic arithmetic progression. These results were general-
ized by Rado [Rad33] to solutions of systems of linear equations. Many
other profound theorems stem from here, such as Szemerédi’s theorem on
arithmetic progressions [Sze75] or the Hales—Jewett theorem [HJG3]. An
overview over many of these results can be found in [GRS90].
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3.2 Random graphs

As discussed in the introduction the concept of a random graph usually
refers to two similar models. For the G(n,p) model, first proposed by
Gilbert [Gil59], we start with an empty graph on n vertices and select
each of the (g) possible edges independently at random with probability
p. The G(n,m) model on the other hand was introduced by Erdés and
Rényi [ER59]. A G(n,m) random graph is chosen uniformly among all
graphs with n vertices and m edges.

Glimpses of these ideas are already present in the 1947 paper by Erdds
[Erd47] in which he established his lower bound for the asymptotic behav-
ior of R(¢) we discussed above. This paper uses the uniform distribution
on all graphs on n vertices, which is given by G(n,p) for p = 1/2. Tt also
represents one of the first applications of the probabilistic method.

It is undoubtedly due to Erdés and Rényi’s impressive work in the 1960s
[ER614, [ER61D, [ERG3, [ERG4] [ERG6, [ERGS] that random graph theory
enjoys the attention it has today. A comprehensive introduction to the
history of random graphs can be found in [KR97].

As we shall see these models are essentially equivalent in many respects,
but depending on the problem under consideration one or the other may
seem more natural. The G(n,m) model is especially amenable to ques-
tions concerning the evolution of random graphs. For example, if we start
with an empty graph on n vertices and add one random edge after the
other, how many edges do we need to add in order for the graph to be
connected? After m steps of this random graph process the graph is dis-
tributed like G(n, m) and it is natural to ask for an answer in terms of m.
In his 1959 paper Gilbert considered the same question, but his take was
a completely different. He considered the example of n central offices of
a telephone network (he was a researcher at Bell Laboratories after all),
such that the probability that there is an idle direct line between any two
offices is p. Then he asked for values of p such that every office is able
to call everyone else, routing the call via other offices if necessary. This
is equivalent to asking for which values of p the random graph G(n,p) is
with high probability connected.

Recall that a threshold for a graph property A is some py = po(n) such
that

lim P[G(n,p) satisfies A] =

n—oo

0 if p<po
1 ifp> pg.
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(The definition for the G(n, m) model is equivalent.)

It is easy to see that if m = (})p and n?p — oo, then G(n,m) and
G(n,p) have “about the same” number of edges, so one would expect
them to behave similarly. This turns out to be true for all monotone
graph properties, i.e. properties which if true for a graph G remain true if
we add more edges (but not vertices) to G. Bollobds and Thomason [BT87]
proved that every monotone graph property has a threshold. Further, if
my is the threshold for a monotone property in G(n,m), then pg = mg/n>
is the threshold for the same property in G(n,p). In other words, if we
are studying a monotone property, we may switch between the two models
almost at will. This is particularly convenient, as in the G(n,p) model all
edges appear independently of each other, which in many cases makes for
simpler proofs.

Many interesting graph properties such as e.g. connectedness, the existence
of a component of size linear in the number of vertices, the existence of a
fixed subgraph etc., are actually monotone. For this reason a large fraction
of the results in random graph theory are about finding exact expressions
for the thresholds of some monotone property.

One of the most useful results for working with random graphs is arguably
Bollobés result [Bol81] on the small subgraph containment problem. It
establishes the threshold for the property that G(n,p) contains a copy of
some fixed graph F.

Theorem 3.3 ([Bal8ll). Let F be a non-empty graph, and set

m(F) = max d(H) where d(H):= o)’
v(H)>1

Then

lim P[G(n,p) contains a copy of F =

n— oo

0 ifp<<nt/mE),
1 ifp>>n-t/mE),

We call graphs F for which m(F) = d(F) balanced, and strictly balanced
if m(F) > d(H) for all non-empty H C F.
The above result does not hold for p = ©(n~/™)). Bollobas [Bol81] and

independently Karonski and Ruciriski [KR83] proved that in this situation
the probability that G(n,p) contains F' is bounded away from 0 or 1.
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Theorem 3.4 ([Bol81, [KR83]). Let F be a strictly balanced graph and
¢ > 0 some constant. If np™F) — ¢, then the number of copies of F
in G(n,p) converges in distribution to a Poisson random variable with
expectation X = ¢G) JAut(F), where Aut(F) is the set of automorphisms
of F.

3.3 Ramsey theory for random graphs

The intersection of Ramsey theory and the theory of random graphs was
first explored by Luczak, Ruciniski and Voigt in [LRV92], where they con-
sidered vertex colorings and established the threshold for G(n,p) — (F)%
for arbitrary graphs F. They also considered edge colorings and estab-
lished the threshold for G(n,p) — (K3)$, i.e. the case of triangles and 2
colors.

The edge coloring problem proved more difficult, but in a subsequent series
of papers Rodl and Rucinski first established a lower bound for the thresh-
old [RR93], then extended their result for triangles to an arbitrary number
of colors [RR94] and finally proved the threshold for G(n,p) — (F)¢ in
[RR95] for (almost) all graphs F. As pointed out by Friedgut and Kriv-
elevich [FK00] they missed that the corner case of 2 colors and F a path

of 3 edges is exceptional.

To state Rodl and Rucinski’s result result we first need the following defi-
nition. Let F' be a graph, set

0 it e(F) =0,

do(F):=<¢1/2 if F= Ko, and mo(F) := max do(H).
e(F)—1 . HCF
W(F) =3 otherwise,

We call mo(F) the 2-density of F', and say that F' is 2-balanced if do(F') =
ma(F) and strictly 2-balanced if mo(F) > do(H) for all H C F.

Theorem 3.5 ([RR93|,[RR95],[FK0Q]). Let r > 2 be an integer and let F
be a graph with at least one edge and which is not a forest of stars or, in
the case r = 2, not a forest of stars and at least one path of 3 edges. Then
there exist positive constants ¢ = ¢(F,r) and C' = C(F,r) such that

0 ifp< cn’l/mZ(F),
1 ifp> Cn~1/ma(F),

n—roo

lim P[G(n,p) — (F)] = {
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There is a simple intuition behind the bound in the above theorem. For
2-balanced graphs it holds that for p = ¢/n=/™2(F) where ¢/ > 0 is some
constant, the number of copies of F' and the number of edges in G(n,p)
have both the same order of magnitude. This implies that the number of
copies of F' on each edge is directly proportional to ¢’. For small values of
¢’ (i.e. smaller than ¢) the number of copies of F' per edge is small, and we
do not expect copies of F' to overlap much. Intuitively this should allow us
to color G(n,p) without a monochromatic copy of F. If on the other hand
c is very large then we expect every edge to be contained in many copies
of F' which all overlap heavily, and this makes finding a coloring without
monochromatic F' impossible.

Stars and paths of length 3 are excluded from the theorem, because they
have a different threshold. For a star Sy with k edges it holds by the pigeon
hole principle that the star with r(k—1)41 many edges cannot be r-colored
without creating a monochromatic S. By Theorem [3.3] the threshold for
the appearance of the (r(k — 1) + 1)-star is lower than my(Sy). For the
path P; with 3 edges a similar construction is possible: every odd cycle
of length 5 or more with one additional pending edge attached to each
vertex (we call this a sunshine graph) cannot be 2-edge-colored without a
monochromatic P3. The threshold for the appearance of any such sunshine
graph is asymptotically equal to mo(P;). By Theorem however a 0-
statement as in the theorem above cannot hold. For any ¢ > 0 and any
p = /n=1/™2(F) the probability that a sunshine graph appears in G(n, p)
is bounded away from 0.

A natural question which arises in the context of Theorem [3.5] is the one
for precise values for the constants ¢ and C. Friedgut and Krivelevich
[FKO0Q] proved that in the case of trees which are not stars or paths of
length 3 they are actually equal, and that the property G(n,p) — (T)¢
has a so-called sharp threshold. A caveat is that this is a purely existential
result, and does not give a value for ¢. Further it may be possible that the
value of this constant fluctuates with n, and it is not even known whether
it converges in the limit n — oco. Firedgut, Rodl, Rucinski and Tetali

[FRRT06] later showed that this also holds in the case of triangles.

In [FKOO] Friedgut and Krivelevich also showed that similar results hold
as well for the vertex version of Theorem [3.5] and a large class of graphs
including cliques.

The randomization in Theorem [3.5 may be seen as choosing the num-
ber of edges of a complete graph K,, which we need to randomly remove
such that we can color the remaining ones with r colors without creating
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a monochromatic copy of a forbidden graph F. A different type of ran-
domization was recently suggested by Allen, Bottcher, Hladky and Piguet
[ABHP13]. They suggest that we may leave all edges in the complete graph
K,,, but instead for each possible copy of F'in K,, choose whether it is for-
bidden or not with probability ¢ independently at random. The question
is then for a threshold for ¢ such that we can color the edges of K, with
r colors such that no monochromatic copy of F' is among the set of those
which are forbidden. Allen et al. considered this type of randomization
applied to Turan’s theorem. We investigate their question for the Ramsey
problem in Chapter [d] and also combine both types of randomization.

Another problem in the intersection of Ramsey theory and random graphs
is the so-called asymmetric Ramsey problem in random graphs. Instead
of avoiding a monochromatic copy of the same graph F in all colors as
above, in the asymmetric Ramsey case we want to avoid a graph Fj in
red, a graph Fy in blue, and so on for all » > 2 colors. Similarly to the
classical Ramsey case, we denote the fact that all edge colorings of a graph
G contain at least one monochromatic copy of F; in its respective color
as G — (F1,...,F.). If all F; are equal this reduces to the (symmetric)
Ramsey case.

This problem was first introduced by Kreuter [Kre96] for the vertex color-
ing case and by Kohayakawa and Kreuter in [KK97] for the edge case. For
the vertex case Kreuter proved a result which holds for almost every graph.
For the edge case Kohayakawa and Kreuter determined the threshold for
the appearance of some combinations of cycles (and some more general
cases). They also conjectured that in the general case the threshold is
determined by the function below in the same sense that mo(-) determines
the threshold for the symmetric Ramsey problem in Theorem

Let G1, G2 be two graphs with at least one edge and such that mq(G1) >
mo(G2). Then define

e(GY)
(G1) =2+ 1/m2(Go)
Note that if Gy = G2, then mp(G1,G2) = mi(G1). We say that Gy is

strictly balanced with respect to myg(-, G2) if no strict subgraph G} € Gy
with at least one edge maximizes the above equation.

mo(G1,Go) = max{v | G} C Gi,e(GY) > 1}.

While the above function seems only to apply to the case r = 2, it turns
out that even for larger values of r the two graphs with maximal 2-density
fully determine the threshold. Progress towards proving the conjecture
was made by Marciniszyn, Skokan, Spohel and Steger in [MSSS09|, where
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they proved the O-statement for cliques. Kohayakawa, Schacht and Spohel
[KSS] then proved the upper bound for » = 2 and two graphs G and H
satisfying some mild conditions.

In [MSSS09] Marciniszyn et al. expanded on the results by Kohayakawa et
al. [KK97] and also proved the general version of the 1l-statement, pro-
vided that the so-called KER-conjecture [KERO7] holds. At the time
of their writing this conjecture was still open. Recently Balogh, Morris
and Samotij [BMS12a], and independently Saxton and Thomason [ST12],
proved the KLR-conjecture. From their results a 1-statement for » many
2-balanced graphs, where the one of maximal 2-density has to be strictly
2-balanced, follows.

3.4 Ramsey theory for random hypergraphs

A natural generalization of the Ramsey-type results in random graphs from
the previous section consists of transferring them to the setting of random
k-uniform hypergraphs. A random k-uniform hypergraph on n vertices
HP%(n,p) is such that each possible subset of k vertices forms an edge with
probability p independently.

R6d] and Ruciriski initiated the study of this type of question in [RR9§],
where they conjectured that for hypergraphs the same intuition must hold
as for the graph case, and that a monochromatic copy of F' appears in
every coloring whenever the expected number of copies of F' per hyperedge
exceeds a large constant. This suggests the following generalization from
the graph case. Define for a k-uniform hypergraph F

0 if e(F) = 0,
di(F):=< 1/k ife(F)=1,0(F)=k, and mg(F):= gg}}?dk(H)
f)ggjﬁ otherwise, -

As in the graph case we call my(F') the k-density of F', and say that F' is
k-balanced if di(F) = my(F) and strictly k-balanced if mg(F) > dp(H)
for all H C F.

The conjecture is that mg(-) determines an upper bound on the threshold
for the hypergraph case in the same way as mo(-) does for the graph case.
They proved this for the 3-uniform clique on 4 vertices and 2 colors.

Together with Schacht they later proved their conjecture for k-partite k-
uniform hypergraphs [RRS07]. Recently Friedgut, Rédl and Schacht [FRSI10]
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proved the conjecture for arbitrary k-uniform hypergraphs. Similar results
were obtained independently by Conlon and Gowers [CGI10].

Theorem 3.6 ([FRSI0], [CG10]). Let F be a k-uniform hypergraph with
mazximum degree at least 2, and let v > 2. There exists a constant C' > 0
such that for p = p(n) satisfying p > Cn="/™(F) we have

lim P[H*(n,p) — (F)¢] = 1.

n—roo
The above bound is widely believed to be tight in most cases, with some
exceptions similar to those in Theorem In Chapter 5] we confirm this
for a large class of hypergraphs. However we also show that there are
many examples for which the above bound is not tight, including one for
which the bound is in fact given by the asymmetric Ramsey problem for
hypergraphs.
In this context, Nenadov [Nenl3| recently extended the graph-case result

by Kohayakawa et al. in [KSS|] to k-uniform hypergraphs, exploiting a
containment theorem by Saxton and Thomason [ST12].

Theorem 3.7 ([Nenl3]). Let Gi,...,G, be k-uniform hypergraphs such
that mi(G1) > mp(G2) > -+ > mp(G,) and such that Gy is strictly
balanced with respect to my(-,Ga). Then there exists a constant C > 0
such that for p = p(n) > Cn~1/mk(G1,G2)

lim P[H*(n,p) = (Gy1,...,G,)] = 1.

n—oo

Here again myg(+,-) generalizes the quantity ma(-,-) from the graph case,
and for k-uniform hypergraphs G, G2 with at least one edge and such
that my(G1) > my(G2) is defined as follows.

e(Gh)
(G1) =k +1/my(Gs)

We say that G, is strictly balanced with respect to mg(-, G2) if it holds
that my (G, G2) > my(Hy, Gs) for all strict subgraphs Hy € G;.

| G C Gy,e(GY) > 1},

mi(G1, G2) = max{ .

3.5 Online Ramsey games in random graphs

All the results in the previous two sections implicitly presuppose that we
can look at the entire random graph or hypergraph before committing to
a coloring of the edges or vertices.
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A different type of question are so-called online problems, in which infor-
mation is revealed over time, and we do not have complete information
before deciding how to color an edge or vertex. To avoid confusion, in this
setting we refer to the results with complete information as offline results.

An example of such an online problem is the F' avoidance game for some
graph F'. The game starts with an empty graph on n vertices and in each
round one random edge is revealed. The player, we call her Painter, has r
colors and must immediately decide which one to assign to the new edge.
Her goal is to avoid a monochromatic copy of F' for as long as possible.
This can be seen as an online version of the offline problem of avoiding a
monochromatic copy of F' in the random graph in Theorem

Note that we introduced the above as a game with one player, and not
in the more abstract setting we used for the offline results in the previ-
ous sections. The reason is that in this setting the question of how long
Painter can play is dependent on how exactly she plays. For any given
strategy there exists some threshold Ny (as for the offline case for reason-
able graph properties and strategies this is always the case, cf. [MSS09a])
for the number of edges such that above this threshold Painter with high
probability loses with that strategy.

Consider the triangle avoidance game, i.e. the case F' = K3. After m
rounds the game board is distributed as G(n, m), so for example if Painter
decides to always use only one color, then she loses as soon as a triangle
appears in G(n,m), which is the case for m > n=1.

An obvious upper bound for the length of the triangle avoidance game (i.e.
the number of rounds that are typically played) is given by the offline result
in Theorem Regardless of how one colors the edges of G(n,m) with
two colors, after more than Cn®/? rounds the game is over with probability
1—o(1).

The question one seeks to answer in this type of problem is for a threshold
No(r,n) such that for m < Ny(r,n) there exists a strategy for Painter
which allows her to play with high probability for at least m steps, while
for m > Ny(r,n) she loses with probability 1 — o(1) regardless of her
strategy. Note that in contrast to the threshold of the offline case, the
order of magnitude of online thresholds usually depends on the number of
colors. It is also often observed (informally) that the threshold formula for
r — oo matches the corresponding threshold for the offline problem.

The study of this type of problem was initiated by Fiedgut, Kohayakawa,
Rodl, Ruciniski and Tetali [FKR™03|. They proved that for 2 colors there
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exists a strategy for the triangle avoidance game such that the game lasts
@(n4/ 3) rounds, and they also showed that no strategy can do better than
that.

Marciniszyn, Spohel and Steger [MSS05] then proved the threshold for
r = 2 and F any clique. Later the same authors [MSS09al proved lower
bounds for the threshold for a large class of graphs which includes cycles
and cliques and for an arbitrary (but fixed) number of colors. In [MSS09b]
they proved matching upper bounds for the case r = 2. They conjectured
that their lower bounds are tight even for 3 or more colors, however the
best upper bound in the case r > 3 remained those given by the offline
setting.

Belfrage, Miitze and Spohel [BMS12b] proved that this probabilistic one
player game can be linked to a deterministic 2-player game which they
call the Builder-Painter game. In this setting Builder chooses which edges
to present to Painter, and Painter tries to color them while avoiding a
monochromatic copy of some graph F. The authors show that if Builder
has a winning strategy which only creates graphs G with m(G) < d, then
n?~1/4 is a threshold for the original 1 player game. The intuition behind
this result is that in a random graph G(n,m), for m > n?>~/¢ the number
of copies of every such G is w(1). In particular this implies that with
high probability the edges of at least one of these graphs G is presented to
Painter in the order in which Builder would play, and thus causes Painter
to lose.

Balogh and Butterfield [BBI0| used this Builder-Painter game to prove
for the triangle avoidance game and r = 3 that there is some constant
¢ such that n3/27¢ is an upper bound for the threshold of the online
game. The corresponding offline bound is at @(n3/2), and this was the
first result showing that the thresholds for the offline and online games
differ for » > 3. This threshold however is far from the lower bound in
[MSS09a). Noever [Noel2] later proved an upper bound for the online
triangle avoidance game and arbitrary number of colors which matches
the lower bound in [MSS09a] and confirms their conjecture for triangles.

The vertex-coloring game corresponding to this was studied by Marcin-
iszyn and Spohel [MS07], which established thresholds for a large class of
graph which includes cliques and cycles. Miitze, Rast and Spohel [MRS11]
then solved the problem in full generality.
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3.6 The Achlioptas process and the balanced
Ramsey game

A different kind of online games have their origin in a question posed by
Dimitris Achlioptas: if in the random graph process we reveal 2 edges at a
time and we must immediately choose which one to keep and which one to
discard, is there a way to select the edges such that we can accelerate or
delay the appearance of certain substructures in the random graph? His
original question concerned delaying the appearance of a so-called giant
component, i.e. a component of size linear in the number of vertices. This
was answered positively by Bohman and Frieze in [BF01].

Similarly to online Ramsey games the results one can obtain depend on
the strategy employed by the player, which we call Chooser. Of particu-
lar interest is the so-called min-product rule, a strategy for Chooser which
when comparing the two candidate edges multiplies the product of the size
of the connected component incident to each endpoint of each the edge.
She then selects the edge for which this product is the lowest. On the basis
of computer simulations Achlioptas, D’Souza and Spencer [ADS09] conjec-
tured that when playing with this rule the phase transition from having no
giant component to one of size at least en, € > 0, is not continuous. This
conjecture attracted much attention, but was finally disproved by Riordan
and Warnke [RW12].

The online F-avoidance game was first studied in the Achlioptas setting by
Krivelevich, Loh and Sudakov in [KLS09]. They study the game in which
r edges are presented to the player and she has to immediately choose
one which remains in the graph an discard the rest. Her goal is to avoid
creating a copy of F for as long as possible. Krivelevich et al. determine
the threshold for the appearance of cycles, cliques and complete bipartite
graphs for all » > 2. They conjecture a general threshold valid for most
graphs F'. Miitze, Spohel and Thomas [MSTTI] disproved this conjecture
and proved a much more complex threshold function which is valid for
arbitrary graphs F' and all r > 2.

An online game at the intersection of Achlioptas processes and Ramsey-
type coloring games is the balanced Ramsey game. As in the Achlioptas
game in each round of this game the player is presented with r edges at a
time, but instead of discarding all but one she has r colors at her disposal.
She must immediately assign a different color to each edge, and her goal
is to avoid a monochromatic copy of some fixed forbidden graph F for as
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long as possible. This game was introduced by Marciniszyn, Mitsche and
Stojakovié [MMS07], and they determine the threshold for the appearance
of cycles for 2 colors. Prakash, Spohel and Thomas [PST09] generalized
these results to an arbitrary number of colors and proved thresholds valid
for a large class of graphs including cycles and cliques. They also studied
the vertex variant of this game and proved similar results.

Note that the F-avoidance Achlioptas game is essentially a balanced Ram-
sey game in which only one color is dangerous. Any winning strategy for
the balanced Ramsey game can be converted to one for the Achlioptas
game by simply interpreting the red edges as chosen and those in any other
color as discarded. This implies that any upper bound on the threshold
for the Achlioptas game also holds for the balanced game.

Due to the similarity of these two games it is a natural question to ask
whether their thresholds are in fact the same or not. Krivelevich, Spohel
and Steger [KSS10] studied this for the offline setting of the Achlioptas
and the balanced Ramsey game, in which the player is allowed to see all
r-tuples of edges before committing to a coloring. They show that for most
graphs the threshold for the two games are equal and correspond to those
of the Ramsey problem in random graphs given in Theorem For the
online case they note that for F' being a tree or forest there are simple
examples which show that the thresholds must differ. However, they also
note that all known results for non-forests show that the two thresholds
are always equal. They ask whether this is true for every graph F which
is not a forest.

We settle this question in Chapter [6} For the edge case we answer it
negatively and show that there are graphs F' which are not forests for
which the two thresholds are distinct. We also consider the variant of
both games in which we color vertices instead of edges. We show that in
contrast to the edge case in this setting the two thresholds coincide.



Chapter

A randomized version of Ramsey’s
theorem

In this chapter we examine a version of Ramsey’s theorem for random
graph with a different take on randomization than R6dl and Rucinski’s well
known theorem. This idea was suggested in a paper by Allen, Bottcher,
Hladky, and Piguet [ABHP13]. This is joint work with Yury Person, An-
gelika Steger and Henning Thomas. An extended abstract has appeared
in [GPST11] and the full results in [GPST12].

4.1 Introduction

Recall Rédl and Ruciniski’s Ramsey theorem for random graphs.

27
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Theorem 4.1 ([RR93, RRI5., [FK00]). For all integers r > 2 and for
every non-empty graph F which is not a forest of stars and paths of length
3 there exist constants ¢ > 0 and C > 0 such that

. . 0 ifpgcnfl/mQ(F)’
lim P[G(n,p) — (F) } = {1 ifp > Cn—l/mz(F)

r
n—roo

Note that p = n=/™2(F) is the density where we expect that every edge
is contained in roughly a constant number of copies of F. This observa-
tion can be used to provide an intuitive understanding of the bounds of
Theorem If ¢ is very small, then the number of copies of F' is a.a.s.
(asymptotically almost surely, i.e., with probability 1 — o(1) if n tends to
infinity) small enough that they are so scattered that a coloring without
a monochromatic copy of F' can be found. If on the other hand C' is big
then these copies a.a.s. overlap so heavily that every coloring has to in-
duce at least one monochromatic copy of F'. Extending this work, Friedgut
and Krivelevich [FK00] proved the thresholds of Theorem to be sharp
for most trees, and later Friedgut, R6dl, Ruciriski and Tetali [FRRTO06]
showed that this is also the case for F' being a triangle.

In this chapter we follow up on a different way to introduce random-
ness into Ramsey theory that was suggested in a recent paper by Allen,
Bottcher, Hladky, and Piguet [ABHP13]. Note that the setup from The-
orem essentially studies the question of how many edges we need to
remove from the complete graph (in a random fashion) such that the re-
maining graph can be colored without a monochromatic clique of size k.
(For simplicity we here just consider the case F' = Kj.) Allen et al. suggest
to study the question for the case that we do not care about all cliques Ky,
but only want to avoid certain cliques. More formally, assume we have a
k-uniform hypergraph H = (V,,, E(H)) and we ask: does every coloring
of the edges of the complete graph K, on vertex set V,, with r colors
induce a monochromatic k-clique that forms a hyperedge in H? We use

the notation K, A, (Kj)¢ to denote this property. The question asked
in [ABHP13] is the following. Assume H”(n,q) is a binomial k-uniform
hypergraph with edge probability q. What is the threshold ¢ = ¢(n) for

k
the property K, HZ ) (Kk)¢. In [ABHP13] the authors study the corre-

sponding question for Turdn’s Theorem [Tur4]. Our first main result not
only solves this problem, but — similarly to [ABHPI3] — also combines it
with the classical probabilistic approach by considering a random graph
G(n,p) instead of K,,. More precisely, we show:
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Theorem 4.2 (Cliques). Let k > 3 and r > 2 be fized integers. There
exist constants ¢ = c(k,r) > 0 and C = C(k,r) > 0 such that

* ek (5 2
lim P{G(n,p) 057 (#)e) = 1 & U™ g’y
LOaas 1, if nkp(Z)q > Cn?p

We also study the generalization of Theorem to strictly 2-balanced
graphs F instead of cliques. A graph F'is 2-balanced if for every subgraph
J C F we have do(J) < dao(F), and strictly 2-balanced if the inequality
is strict for every J # F. Note that in order to prove the O-statement
for the classical probabilistic Ramsey theorem, i.e., Theorem [.1] we only
need to consider strictly 2-balanced graphs: if we know that it holds for all
strictly 2-balanced graphs then it easily follows for all other graphs F' by
considering an appropriate strictly 2-balanced subgraph. In the context of
Theorem such an argument is no longer trivially true. Intuitively the
threshold for the G(n, p) part of the theorem is determined by a strictly 2-
balanced subgraph which might be distinct from F' itself. The hypergraph
on the other hand forbids entire copies of F' and not just the 2-balanced
subgraph. We thus restrict our considerations to strictly 2-balanced graphs
F' and leave possible further generalizations to future work.

In the following let F' denote a strictly 2-balanced graph. Note that for
graphs F' different from cliques we will in general have more than one pos-
sible copy of F' on a given vertex set of size v(F'). We thus need to specify
which of these subgraphs are forbidden to appear monochromatically. To
define this formally, we call a subset R of all unlabeled copies of F'in K,, a

restriction set. Then, for every graph G on n vertices we have G LN (F)¢

if every r-edge-coloring of G contains a monochromatic copy of F' that
is contained in R. Moreover, let Rr(n,q) denote a random subset of all
unlabeled copies of F' in K,, in which every copy is present independently
of the others with probability g.

Theorem 4.3 (Main Result). Let F' be a strictly 2-balanced graph with
at least 3 edges. Let r > 2 be a fized integer. There exist constants ¢ =
c¢(F,r) >0 and C = C(F,r) > 0 such that

0, if n*Fpeg < en?p
1, if ntEpeElg > Cn?p-

lim P[G(n,p) “"5" (F)2)) = {

n— oo

Note that the statement is not true for strictly 2-balanced graphs with
less than 3 edges. For F' = K2 and ¢ = 1 the threshold is given by the
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appearance of the star Ky ,41 in G(n,p) which is known to be Poisson-
distributed in the regime where p is of order n*~1/"+1) (cf. [ER60]).

Moreover, note that Theorem [4.2]is a special case of Theorem [£.3] Observe
also that for ¢ = 1 the threshold matches with the one from Theorem
that is, our result can be viewed as a natural generalization of Theorem
The proof of the 1-statement of our results builds upon the proof of the
1-statement of Theorem In fact, this proof applies to all graphs F
that have mao(F) > 1. Our proof of the O-statement of Theorem on
the other hand follows a new approach by further developing algorithmic
ideas from [MSSS09] to obtain a suitable coloring of G(n,p) (see section
3 in [MSSS09]) and combining them with a general theorem from [RR93]
about the global density of graphs which are Ramsey with respect to a
given graph, i.e., when H - (F)$, see Theorem [4.4]

4.2 Proof of the main result

The intuition behind the threshold in Theorem [£.3] can be stated similarly
to the intuition of Theorem as follows. Call a copy of F' in a graph
G bad with respect to a restriction set R if it is contained in R. For a
fixed edge in G(n,p) we expect order of n?¥)=2pe(F) =14 bad copies of F
in G(n,p) with respect to Rr(n,q) that contain this edge. Hence, if ¢ is
small and p and ¢ satisfy the inequality of the 0-statement we expect so few
bad copies of F' on a fixed edge that these copies are indeed so scattered
that we can find an edge-coloring without a monochromatic copy of F'.
However, if C' is large and p and ¢ are as in the 1-statement, then the bad
copies of F overlap so heavily that no such coloring can be found.

We now prove Theorem [.3] We first address the easier l-statement.
Throughout the remainder of this chapter, we consider F' to be a fixed
strictly 2-balanced graph with at least 3 edges and r > 2 to be fixed. We
write R(n, q) instead of Rp(n,q).

4.2.1 The 1-statement

We have to show that for a large enough C' and n*(F)pe(Fg > Cn?p the
random graph G(n,p) and the random restriction set R(n,q) a.a.s. have
the property that every r-edge-coloring contains a monochromatic bad
copy of F. Observe that n?)petFlg > Cn?p in particular implies p >
C'n=1/m2(F) We now use Theorem 3 from [RR95] which states that there
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exist constants a,b > 0 such that for C’ large enough p > C'n~1/m2(F)

implies that every r-edge-coloring of G(n,p) contains at least an?(F) pe(F)
monochromatic copies of F' with probability at least 1 — 2-7"p - Also note
that by Chernoff bounds (see e.g. Chapter 2, Theorem 2.1 in [JERO0Q]) it
holds that

P [e(Glnp) 2 2(} )] < o

and thus there are a.a.s. at most 72(3)P r-edge-colorings of G(n,p). Let
Q denote the set of all graphs for which every r-edge-coloring contains
at least an’F)pe(F) monochromatic copies of F and which have at most
2(g)p edges. Then,

P[G(n,p) ¢ Q] < 2707 4 e=0("r) = 5(1). (4.1)
Now, the probability that G(n,p) Riza) (F)¢ conditioned on that G(n,p)
satisfies @ can be bounded from above with a union bound over all r-edge-
colorings by

an?(F) pe @) v(F) pe(F)

r2(g)p(1 o q) < eln(r)nzp—an

7 < e(lnr—aC)n2p7 (42)

where we used n?F)peF)g > Cn?p in the last step. We now have

P[G(n, p) P9 ()

T

<P[Gnp) " (F): | G(n,p) € Q] -PIG(n.p) € Q|+ PG(n,p) ¢ Q)

D,
<

e(ln r—aC)n’p + 0(1).

Clearly, for large enough C' this probability tends to 0. This finishes the
proof of the 1-statement.

4.2.2 The O-statement

Recall that we need to show that for n?F)p¢(F)g < en?p the random graph
G(n,p) and the random restriction set R(n,q) a.a.s. have the property
that there exists an r-edge-coloring of G(n,p) that does not contain any
monochromatic bad copy of F. We call such a coloring valid. In the
remainder we describe an algorithm that finds such a coloring and show
that it succeeds with high probability.
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In a first step we identify a set of edges that we can color easily. Let G
be a graph and R be a restriction set. Let e € F(G) be an edge which is
contained in at most one bad copy of F' with respect to R. Then clearly,
if there exists a valid coloring for G — e (the graph obtained from G by
removing e), we can extend it to one for G since we can assign at least
r —1 > 1 colors to e without creating a monochromatic bad copy of F.
We call such edges open with respect to R and all other edges closed (with
respect to R). It is easy to see that successively removing open edges yields
the unique maximum subgraph of G in which every edge is contained in
at least two bad copies of F', where maximum is with respect to subgraph
inclusion. We call this subgraph the F'-core of G (with respect to R). By
the above argument, it suffices to find a valid coloring for the F-core of G.

We say that a subgraph H of the F-core of G is F-closed with respect
to R if every bad copy of F from the F-core of G is either contained in
H or edge-disjoint with H. It is easy to see that the edges of the F-
core can be partitioned into minimal F'-closed subgraphs where minimal
is with respect to subgraph inclusion. Furthermore, each such subgraph
can be colored separately in order to find a valid coloring of the F-core.
The key property of F-closed subgraphs H follows from the definition of
the F-core. For every edge e € E(H) there are at least two bad copies
Fy, Fo C H which contain e.

Grow Sequences

In the following we describe a procedure that yields a sequence of bad
copies of F' which construct an F-closed subgraph. Let F} be a bad copy
of F' from the F-core. Now, for every £ > 1, we let Fy11 be a bad copy
of F' from the F-core such that Fy,; intersects Ule F; in at least one
edge and for which Fyiq # F; for every 1 < ¢ < {. If no such copy
exists in the F-core of G the sequence ends after the ¢-th step and we set
S = (F, Fy,...,F;) and G(9) := Ule F; as the graph of S. We call such
a sequence a grow sequence, and say that S is contained in or appears in G
with respect to R, meaning that G(.5) is a subgraph of G and that every
F; is contained in R. Observe that for every minimal F-closed subgraph
H there exists a grow sequence S such that G(S) = H. It thus suffices to
show that we can find a valid coloring for the graph of every grow sequence
that is contained in G(n,p) with respect to R(n, q).

The following theorem by Rodl and Rucinski states that there exists a
valid coloring for a graph whenever it is sparse enough. For a graph H let
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d(H) = e(H)/v(H) denote the density of H and let m(H) = maxjc g d(J)
denote the maximum density of H.

Theorem 4.4 ([RR93]). Let G and H be two graphs. If m(H) < ma(G)
and m2(G) > 1 then H - (G)5.

Note that since F' is strictly 2-balanced and has at least 3 edges it satisfies
ma(F) > 1. Hence, we can find a valid coloring for every grow sequence S
which satisfies m(G(S)) < mo(F'). It remains to deal with grow sequences
that encode denser subgraphs. The most important structural property
of a grow sequence is that every edge of its graph is contained in at least
two copies of F. Intuitively speaking, this forces its graph to be dense
and to contain many copies of F. On the other hand, the conditions
on p and ¢ imply that G(n,p) and R(n,q) have the property that a.a.s.
every subgraph has few edges in G(n,p) or few copies in R(n,q). In the
remainder we use these two density restrictions in the following way. For
the length of a grow sequence S we write £(S). We show that there exists
a constant L such that asymptotically almost surely

(i) there are no grow sequences in G(n,p) with respect to R(n,q) of
length more than L, and

(i) for every grow sequence S of length at most L that appears in G(n, p)
with respect to R(n,q) we have that G(S) is sparse enough so that
Theorem applies.

These two conditions are given formally in Lemma [£.5] and [4.6] below.

Lemma 4.5. For every strictly 2-balanced graph F with at least 3 edges
and every integer v > 2 there exist constants ¢ = c¢(F,r) > 0 and L =
L(F,r) > 0 such that if p < cn=V/m2F)g=1/((F)=1) then G(n,p) and
R(n,q) a.a.s. satisfy that every grow sequence in G(n,p) (with respect to
R(n,q)) has length at most L.

Note that our assumption n? ) peF) g < en?p is equivalent to the property
p < I V/me(F) g=1/(e(F)=1) for ¢/ = (1/(e(F)=1),

Lemma 4.6. For every strictly 2-balanced graph F with at least 3 edges
and every integer v > 2, and for all constants ¢, L > 0 we have that if
p < en Vm2(B)g=1/(e(F)=1) then G(n,p) and R(n,q) a.a.s. satisfy that
every grow sequence S in G(n,p) (with respect to R(n,q)) of length at
most L satisfies m(G(S)) < mo(F).
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With these two ingredients the proof of the 0-statement from Theorem
is straightforward.

Proof (of Theorem4.3| 0-statement). Choose ¢ = ¢(F,r) and L = L(F,r)
according to Lemma Then, by lemmas and G(n,p) and R(n,q)
a.a.s. satisfy that every grow sequence S in G(n,p) with respect to R(n, q)
has length at most L and satisfies m(G(S)) < mo(F). Hence, a.a.s. every
F-closed subgraph H in G(n,p) with respect to R(n,q) satisfies m(H) <
ma(F). Conditioning on this property of G(n,p) and R(n,q) Theorem |4.4]
guarantees that we can find a valid r-edge-coloring for every such subgraph.
Moreover, the union of the valid colorings of all F-closed subgraphs yields
a valid coloring of the F-core of G(n,p) which can be extended to a valid
coloring of G(n,p). O

4.3 Proof of Lemma [4.6

Proof (of Lemma . As a first step of the proof we show that every
grow sequence S = (Fi, Fs,...,Fp) of length at most L that satisfies
m(G(S)) > mo(F) in fact satisfies d(G(S)) > ma(F). We show this
by inductively constructing a finite sequence of graphs Hy, Hy,... all
of which have density larger than mo(F) and which end in the graph
G(S). Let Hy C G(S) be an arbitrary densest subgraph of G(S), i.e.,
d(Hp) = m(G(S)) > ma(F). If H; = G(S), we are done. Otherwise there
exists a copy Fj in S that is neither entirely contained in H; nor edge-
disjoint from H;. Hence, F; overlaps with H; in a subgraph J that contains
at least one edge, that is, e(J) > 1 and v(J) > 2. We set H;; = H; U F}.
Denote by e; and v; the number of new edges and new vertices, i.e.,

e;=¢e(F)—e(J) and v; =v(F)—v(J). (4.3)

If there are no new vertices (v; = 0), then clearly d(H;11) > d(H;) >
mo(F'). Hence, we may assume from now on that there is at least one new
vertex (v; > 1). We show e;/v; > ma(F) with a case distinction.

Case 1: e(J) = 1. In this case,

, _ (J)>2 _
ﬁe(F) e(J)v2 e(F) 1:m2(F)
v; v(F) —v(J) v(F)—2
Case 2: e(J) > 2. Clearly, this implies v(J) > 3. Recall that F is strictly

2-balanced and that J # F' since there is at least one new vertex. Thus,
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e(J) —1 <mo(F)(v(J) —2), and we can settle this case with

e @3) e(F) —e(J) _ e(F) —1—(e(J) = 1)
Ui o(F) —v(J)  o(F) =2=(v(]) - 2)
)
) =

mo(F ((F - )— (F)(v(J)—2)

Hence, we have

) = Sy = S ™

where in the last step we used Proposition [2.1] together with the assump-
tion d(H;) = e(H;)/v(H;) > mo(F) and e;/v; > ma(F). Clearly, after a
constant number of iterations we arrive at H; = G(S5).

We now show that the probability that there exists a grow sequence S of
length at most L which satisfies m(G(S)) > mo(F) and which appears in
G(n,p) with respect to R(n,q) is o(1). Observe that a grow sequence of
length at most L can involve at most vy, := 2+ L - (v(F) — 2) vertices.
Now fix k < vy, and let U be a fixed vertex set of size k. We show that
the probability that there is a grow sequence S of length at most L with
m(G(S)) > ma(F) and v(G(S)) = k that appears on U is o(n™"). With a
union bound over all k£ and all vertex sets U of size k this then concludes
the proof of the lemma.

Observe that there are at most O(1) possible grow sequences that can
be accommodated on the vertex set U. Consider an arbitrary but fixed
possible grow sequence S of length at most L that is contained in U and
that satisfies v(G(S)) = k and m(G(S)) > mo(F). First observe that since
H := G(S) is F-closed we have that for every edge there must be two copies
of F'in S that contain it. Since every such copy contains e(F') edges S must
have length at least 2¢(H)/e(F). Hence, using p < cn~/m2(F) g=1/(e(F)=1)
the probability that S appears on U in G(n, p) with respect to R(n, q) can
be bounded by

pe(H)qu(H)/e(F) < eH) p—e(H)/ma(F) qu(H)/E(F)—e(H)/(e(F)—1)

<1, since e(F)>3

< e(H) p—e(H)/ma(F) d(H)>ma(F) o(n*”(H)) _ o(n*k).

This concludes the proof of the lemma. O



36 Chapter 4. A randomized version of Ramsey’s theorem

4.4 Proof of Lemma [4.5]

Canonical Grow Sequences.

We first take a closer look at grow sequences and describe a unique canon-
ical way to construct them. For this, let G be a graph, R be a restriction
set, and fix an arbitrary ordering of the vertices of G. Note that this vertex
ordering also naturally induces an ordering on the edges of G. Using these
orderings we can say for two vertex or edge sets X and Y which of the two
is lexicographically smaller. Now, let H be a minimal F-closed subgraph
of G with respect to R.

We can now construct a grow sequence S for H inductively in the following
canonical way. Let F(H) denote the set of all bad copies of F'in H. We set
F} to be the lexicographically smallest copy of F(H). Now, for every £ > 1,
let G(S,¢) == Ule F;. If G(S, ¢) contains an open edge with respect to the
restriction set {Fy, Fy, ..., Fy}, then we let e denote the lexicographically
smallest open edge. Since H is F-closed, there must be at least one bad
copy of F'in F(H) that is not in G(S,¢) and contains e. We set Fpiq
to be the lexicographically smallest such copy. Otherwise, if G(S,¢) only
contains closed edges, then we choose Fyy; to be the lexicographically
smallest copy in F(H) which is not edge-disjoint from G(S, ¢) and not yet
in the sequence Fi, Fs, ..., F).

We call a grow sequence canonical if it follows the above procedure. Then,
every F-closed subgraph has exactly one corresponding canonical grow
sequence. Hence, in order to prove Lemma [4.5] it suffices to show that
G(n,p) a.a.s. does not contain a canonical grow sequence of size more
than L with respect to R(n, q).

We point out here that the crucial property of canonical grow sequences
is the following. In case that G(S,i) has open edges we know that the
copy Fjt1 contains the lexicographically smallest of them. Roughly speak-
ing, this property will turn out to be important in a later first moment
method argument: when counting the number of grow sequences there are
no choices for these two vertices.

Step Types.

Let S = (F1, Fs, ..., Fy) be a canonical grow sequence. We now view S
from the perspective of building a graph step by step from G(S,0) over
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—-==. copy of F'in the restriction set

regular step empty step degenerate step

Figure 4.1: Illustration of the different step types of a grow sequence

G(S,1) and so on up to G(S). We split the steps of this process into
different types, which are also illustrated in Figure We call step one
the first step. We call a step ¢ > 2 regular if the intersection of F; with
G(S,i—1) consists exactly of two vertices connected by an edge (Figure
a)), empty if the intersection is the whole copy F; (Figure b)) and
degenerate otherwise (Figurec)). Note that an empty step only imposes
a copy of F' in the restriction set. Besides categorizing the steps into
regular, empty and degenerate ones we introduce another categorization.
We call step ¢ open if G(S,7 — 1) contains open edges with respect to the
restriction set {Fy, Fa, ..., F;_1} and closed otherwise. Note that since S
is canonical the copy F; of an open step ¢ contains the lexicographically
smallest open edge in G(S,i — 1).

Let v; denote the number of new vertices added in step i, i.e., v; =
v(G(S,4)) —v(G(S,i — 1)) and let similarly e; denote the number of new
edges. It is easy to see that for every regular and every empty step we have
v; — e;/ma(F) = 0, and that for every degenerate step v; — e;/ma(F) <0
since F' is strictly 2-balanced (using a calculation similar to ) Fur-
thermore, since the number of possible intersections of F; with G(S,i—1) is
constant, there exists a constant § = §(F') > 0 such that every degenerate
step satisfies

Vi — ei/mg(F) < =9. (45)

Before we continue we give an intuitive reasoning of how we will use (4.5)).
We will use a first moment method to show that a.a.s. grow sequences of
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length more than L do not appear. In order to do so we need to count
grow sequences. To do that we will distinguish grow sequences according
to their number of degenerate steps. Observe that for a degenerate step we
essentially have to choose v; new vertices (at most n¥ ways) and require
the presence of e; new edges and a new copy of F' in the restriction set
(which happens with probability p®iq). As p < en~1/m2(F)g=1/(e(F)=1) e
see that implies that the probability for K degenerate steps decreases
with n=9%. That is, we should not expect that we have grow sequences
with ‘many’ degenerate steps. In order to handle grow sequences with
‘few’ degenerate steps we will now prove some deterministic properties of
canonical grow sequences.

We show that long sequences have to contain a certain number of degen-
erate steps, and that the number of closed regular steps and empty steps
can be bounded in terms of the number of degenerate steps. For a grow
sequence S we use degen(S), empty(S), regular®(S), regular®(.S) to denote
the number of degenerate, empty, open regular and closed regular steps in
S. Note that degen(S) 4+ empty(S) + regular®(S) + regular®(S) = £(S) — 1,
where the —1 accounts for the first step. Moreover, we write Xp(G) for
the number of (not necessarily bad) copies of F' in G.

Claim 4.7. Let S = (Fy, Fs, ..., Fy) be a grow sequence. If step i is empty
or regular, then Xp(G(S,1)) < Xp(G(S,i—1))+ 1.

Proof. The claim is trivial if step ¢ is an empty step. Otherwise step ¢
is regular, and we can denote by e = {u,v} the intersection of F; with
G(S,i—1). Assume that in addition to the copy F; there is another copy
F of F created in that step. Then clearly, F contains at least one edge from
the new edges of step i, i.e., from E(F;)\ {e}, and at least one edge from
the old edges E(G(S,i — 1)) \ {e}. Hence, the graphs Fie, = F[V(F})]
and F,q = F[V(G(S,i — 1))] are both non-empty. Since every strictly
2-balanced graph is 2-vertex-connected it follows that both v and v are
contained in V(F), V(Fnew) and V(Fold). Moreover, removing v and v
disconnects F'.

Case 1: e € E(F). Then we have

ma(F) = ma(F) = D=1 _ elfnen) = Lt elFo) — 1
o(F) =2 v(Fhew) — 2+ v(Foua) — 2

< m2(F),

where the last step follows from Proposition and the fact that F is
strictly 2-balanced. Clearly, this is a contradiction.
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Case 2: e ¢ E(F). Then we have

mQ(F) _ m2(F~‘) _ 6(‘{‘) -1 _ €~(Fnew) + e(FOIii) —1 .
U(F) -2 U(Fnew) -2+ U(Fold) —2

(4.6)

Since F is strictly 2-balanced we have (e(Fyq) —1)/(v(Foq) —2) < mo(F).
Hence, (4.6) together with Proposition implies

e(Few) +1=1 _ e(Fhew) —
V(Faew) =2 0(Faew) =2

Since Fyew U {e} is a subgraph of F; with e(ﬁnew) + 1 edges and v(ﬁ’new)
vertices, this contradicts the property that F is strictly 2-balanced. O

Claim 4.8. For every canonical grow sequence S = (Fy,..., Fy) it holds
that regular®(S) < degen(S). Moreover, for every prefiz sequence S; =
(F1,..., F;), where i <{, we have regular®(S;) < degen(S;).

Proof. Let S = (Fy, Fy,...,Fy) be a canonical grow sequence, and let
r1,72,... denote the indices of its closed regular steps and set rg = 1 for
convenience. We show that for every ¢ > 0 there is at least one degenerate
step between steps r; and r;41. Clearly, G(S,r;) contains e(F) — 1 open
edges with respect to the restriction set {Fi, Fy,..., F,,} and thus, step
r; + 1 is open. Moreover, since r; is a closed step all edges in G(S,r; — 1)
are closed which together with Claim[4.7]implies that the only copy of F' in
G(S,r;) that contains open edges is F,. Since S is canonical, step r; + 1
cannot be empty (an empty step would require a copy of F in G(S,r;)
that contains open edges and is not yet in S). Step r; + 1 is thus either
degenerate or an open regular step. In the former case we are done, and in
the latter case we can apply the above argument to obtain that step r; + 2
is either degenerate or open regular and so on. Eventually, there must be
a degenerate step between steps r; and r;41 since G(S,r;+1 — 1) does not
contain open edges with respect to {F1, Fp,..., F. ., 1} O

Claim 4.9. There exist constants ¢c; = ¢1(F) and ca = co(F) such that
for every canonical grow sequence S we have

empty(S) < (c1 - degen(S))™.

Proof. Let S = (Fy, Fa,...,Fy) be a canonical grow sequence. Assume
that the i-th step of the sequence S is an empty step. Then F; C G(S,i—1)
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and F; # Fj for every 1 < j <4 — 1. Note that such a copy can only be
created in a degenerate step since by Claim [4.7]the only copy of F created
in a regular step is the copy of the step itself. Hence, F; must contain an
edge that was added in a degenerate step. We call such edges degenerate.
Let Xr.(G) denote the number of copies of F' in G that contain edge e.
Then we have

empty(S) < Z Xre(G(S)).
e€E(G(S))

e is degenerate

Since there are at most e(F)degen(S) degenerate edges in G(5) it clearly
suffices to bound X .(G(S)) for every edge e by a bound similar to the
one in the claim statement. Instead of bounding this quantity directly, let
Cf denote for every edge e € E(G(S)) the number of induced cycles of
length k in G(S) (where 3 < k < v(F')) that contain e. Moreover, let Cj,
denote the maximum over all edges in G(S). We will show that there exist
constants ¢j = ¢} (F) and ¢}, = c4(F') such that

Cy, < () - degen(S))°. (4.7)

If we assume ([£.7), then we can bound Xp.(G(S)) for a fixed edge e €
E(G(S)) as follows. Let F denote the set of all supergraphs of F on v(F)
vertices. Clearly, for every copy of F' in G(S) that contains e, there is also
an induced copy of some J € F in G(S) that contains e. Moreover, such
an induced copy J can accommodate only a constant number of copies of
F that contain e. Let X .(G) denote the number of induced copies of J
in G that contain edge e. As |F| is bounded by a constant (depending on
F) it suffices to bound X .(G) for every J € F with a bound similar to
the one in the claim statement.

Let J € F be fixed. For every edge ¢’ € E(J) fix an induced cycle C(e’)
in J that contains ¢’. Note that this is possible since F' is 2-connected.
Clearly, the union of all these e(J) < v(F)? cycles covers E(J), that is,

U E@E)=EWV).

o' €E(J)

We can now count the number of induced copies of J in G(S) that contain
e as follows. First choose the role of e in the copy of J (e(J) possibilites).
Say e has the role of ¢’ € E(J). Then we have to choose an induced copy
of C(e/) in G(S) that contains e (at most (¢} - degen(S))® possibilities
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by (4.7)). Continue with some other edge of that cycle and choose its role
in the copy of J, and then choose a copy of the corresponding induced
cycle on it and so on. In this way we obtain

XJ,&(G(S)) < (e(J) . (C/1 . degen(S))Cé)e(‘])

e(J) <o(F)? ,
(cf - degen(S))"

for appropriately chosen constants ¢ = ¢/ (F) and ¢ = ¢§(F). As ex-
plained above this concludes the proof.

It remains to show . For every 0 < i < £ let S; = (Fy, Fo,..., F))
denote the prefix of S including the first ¢ steps. For every k let P{kjv}
denote the number of induced paths of length k& with endpoints v and v in
G(S;) —wuw for k > 2 and in G(S;) for k = 1. (A path of length k is a path
with k& edges.) Denote with P*? the maximum of P{kjv} over all vertex
pairs {u,v}. We will show that there exists a constant 8 = 3(F') > 0 such
that for every 1 < k <wv(F) — 1 and every 1 <14 < ¢ we have

PR < (B(degen(S;) 4+ 1)) (4.8)

As Gy, < PP~V for all 3 < k < v(F) this establishes (7). It thus remains
to show (4.8). First observe that is trivially true for k = 1 as P < 1
for every i and we therefore assume k > 2 in the remainder. Let {u,v} be
a fixed vertex pair. We will show that if S is large enough, then we have
for every k > 2 and every 1 < i < / that

, 6 degen(S;)+1
P{kj,v} < §(regular{"’”}(5i) +1) + 6¢e(F) z; (Bj)E2, (4.9)
j:

where regular{“’”}(SZ-) denotes the number of regular steps j <4 in which
we attach a copy of F' to the edge {u,v}, that is, for which V(F;) N
V(G(S,j — 1)) = {u,v}. First we show that implies (4.8)). For this,
observe that V(F;) N V(G(S,j — 1)) = {u, v} is satisfied for at most one
open regular step and at most regular®(S;) closed regular steps j < ¢, and
hence by Claim regular{®}(S;) < degen(S;) + 1. Using k < v(F)
we thus easily conclude that for a sufficiently large 5 we have that
implies (4.8)). It thus remains to show for every k > 2 and every
1 <4 < /. For this, we do an induction on k and . More precisely, we will
use that for all smaller values of k we have (the trivial case k = 1
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serves as induction base) and for all smaller values of ¢ we have . We
make a case distinction according to the step type of step i.

Case 1. Step i is regular and Pﬁ’:;}l =0, ori = 1. Using that PE’ZU} counts
induced paths, it is not hard to see that Pﬁjv} can only be non-zero if at
least one of the two vertices {u, v} lies within the new vertices added in
step 4, that is, if {u, v}N(V(F;)\V(G(S,i—1))) # 0. Clearly, if both u and
v lie within V(F}), there can be at most v(F)* < v(F)*F) induced paths
of length k between v and v and thus (&.9) is satisfied if 3 > 2v(F)*(F).
Otherwise u must lie within the old vertices, i.e., u € V(G(S,i—1))\V(F;)
and v in the new vertices, or vice versa. Then, we can count the number
of induced paths of length &k from u to v as follows (see also Figure
a)). Let {x,y} = V(F;) N V(G(S,i — 1)), and observe that in this case
{u,v} N{z,y} = 0. Now, every such path consists of an induced path of
length s from u to x or y for some 1 < s < k — 1 and an induced path
of length k — s from 2 or y to v (clearly, there are at most v(F)**) such
paths since they are contained in F;). Note that paths containing both x
and y can also be expressed this way by simply including the edge {x,y}
in one of the two subpaths of length s and k — s. Hence, we obtain

ki
Py

IA

k—1 k—1

S,1 k—s,i S, k—s,i
Zl PloayPlat T Zl L
S= Ss=

IN

k—2
4Pk—1,i + QU(F)’U(F) Zps,i
5=2

(@8 k<v(F)
< 4(B(degen(S;) + 1))" 7% + 20(F)"F(5(degen(S;) + 1)

< 6(B(degen(S;) + 1)),

where the last step holds whenever 3 is sufficiently large. Clearly, this
implies (4.9).

Case 2. Step i is regular and Pfjv}l =% 0. It is easy to see that in this case
we can only have pri y > P{kj;}l if the copy F; is attached to the edge

{u,v
{u, v}, that is, V(F,) N V(G(S,i — 1)) = {u,v}. Hence, regular{®*}(;) =
regulart®?}(S;_1)+1 and step i can create at most v(F)* < v(F)*F) new
induced paths of length k& between u and v. Thus certainly remains
true if B > 2v(F)v(),

Case 3. Step i is degenerate. In this case we insert the edges of F; one by
one. So assume a single edge {x, y} is inserted. Clearly, this can only create
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’,
..........

any
",

.........

Figure 4.2: Creating a new induced path of length k from u to v

a new induced path of length k from u to v if for some 0 < s < k — 1 we
have that there is an induced path of length s from u to z and an induced
path of length £ — s — 1 from v to y or similarly for paths from u to y and
from v to x (see Figure[4.2]b)). Observe that the case {z,y} = {u, v} does
not create any new induced paths of length k since k£ > 2. Furthermore,
the case [{z,y} N {u,v}| = 1 corresponds to the case s =0or s =k — 1,
and we set P%J = 1 for convenience. Then, the number of induced paths
of length k from w to v that were created by the insertion of {z,y} is at
most

k—1 k—1
S,J k—s—1,j EN k—s—1,7
D Pl Py 7+ 2 Pl Pl
s=0 s=0
k—2

< 4Pk 42y " pripkTatl

s=1

< 6(B(degen(S;) 4+ 1))¥72,

cf. the calculation above. Since we insert at most e(F') edges in step i we
thus have

PEl < PRI+ e(F)6(B(degen(S;) + 1)

As the assumption of this case is that step ¢ is degenerate this implies
that (4.9) holds in this case as well. This thus concludes the proof of the
claim O
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Claim 4.10. For every d > 1 there exists a constant lyax(d) such that
every canonical grow sequence with at most d degenerate steps has length
at most Lmax(d).

Proof. Let d > 1 be a constant and let S be a grow sequence of length .
By Claim there can be at most C’ := (c1d)® + d + 1 steps that are
not regular. Hence, S contains at least £ — C’ regular steps each of which
increases the number of open edges by at least e(F) — 2. Moreover, every
non-regular step decreases the number of open edges by at most e(F').
Hence, since G(S) is F-closed we have (¢ — C")(e(F) —2) < C’e(F') and

thus ¢ < A0 4 €, O

We can now turn to the proof of Lemma

Proof (of Lemma . Let S be the set of all canonical grow sequences of
length more than L = L(F') (we will fix this constant later). Note that by a
first moment argument it suffices to show that for an appropriate constant
¢ = ¢(F) we have that if p < en~Y/m2(F)g=1/(e(F)=1) the expected number
of sequences from S contained in G(n,p) with respect to R(n,q) is o(1).

Note that if we can show for a sequence S € S that a prefix sequence of
it, i.e., a sequence obtained by considering only the first k steps for some
1 <k <¢(S), is not contained in G(n,p) with respect to R(n,q) then S
as well does not appear. Hence, if we can find a set Pre(S) such that all
sequences of S have a prefix sequence in Pre(S) and such that a.a.s. no
sequence from Pre(S) appears in G(n,p) with respect to R(n,q) then we
are done.

With this in mind we define Pre(S) as the set of the following prefixes.
Let dmax = dmax(F') be a constant which we will determine later on. For
each S € § we include the prefix sequence of S containing either all steps
up to (and including) the dpax-th degenerate step or all steps up to the
log n-th step, if the index of the d.«-th degenerate step is larger than
log n. Note that this is well defined as we can force any sequence S € S to
contain at least dp.x many degenerate steps by choosing L large enough,
cf. Claim

The key intuition is that prefixes S € Pre(S) containing ‘many’ degener-
ate steps give rise to a very dense graph G(5), which correspondingly is
unlikely to appear. On the other hand prefixes S € Pre(S) with ‘few’ de-
generate steps must contain many regular steps. The corresponding graph
G(S) will then be very large and also unlikely to appear.
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As each prefix sequence in Pre(S) contains at most d,.x degenerate steps
we have by Claim and Claim that they also contain at most dpyax
closed regular and at most (c1dmax)®® =: €max empty steps. Let m =
2dmax + €max denote the maximum number of steps that are not open
regular in any prefix sequence. Note that m is a fixed constant depending
only on F'. Hence, we can choose L such that L > m holds.

We define Pre®(S) as the set containing all prefix sequences from Pre(S)
with exactly dpmax degenerate steps and Pre!©® " (8) as the set of those with
length exactly logn and less than dp,.x many degenerate steps. Clearly,
every prefix sequence in Pre(S) is in at least one of the two subsets. We
consider both subsets separately.

Sequences with logn steps

We start with prefix sequences in Prelog"(S). We can bound the number
of elements in Pre!°®™(S) by counting all sequences of steps of length logn
which contain at most m steps that are not open regular. To do so we
first fix the number of steps that are not open regular, their types (i.e.,
open or closed, and regular, empty, degenerate) and their position in the
sequence. For this we have at most

m(5logn)™ (4.10)

choices. Then for any sequence with a fixed configuration of steps we have
at most n) choices for the copy of a step that is not open regular. As
there are at most m of these we have in total at most

ptEm (4.11)

different choices for these steps. All remaining steps are open regular steps.
Recall that for every open step two vertices of its copy of F' are determined
by all previous steps since all sequences in S are canonical. So for each of
the at most logn open regular steps we only need to choose v(F') — 2 new
vertices and the role of the two predetermined vertices in the copy of F'.
Thus, every open regular step gives at most

v(F)?nrd)—2 (4.12)

choices. The very first step is special and we model it by choosing two
vertices as the starting edge (n? choices), and another v(F)?n?F)=2 choices
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as in an open regular step. Together with (| , and (| - we

therefore have that the number of elements in Prelog"(S) is at most

m(5 log(n))m . n”(F)m .n2. (U(F)an(F)—Q)logn.

For a fixed sequence in Prelog”(S) the probability that it appears in G(n, p)
with respect to R(n,q) is bounded from above by the probability that
the first logm — m open regular steps appear. Each such step requires
e(F) — 1 new edges to be present in G(n,p) and one new copy of F' to be
present in R(n, q), so this probability is at most (p¢F)~1g)l°8”=™  Using
nvF)=2pe(F) =1y < ¢ we can now deduce that the number Xp, s n(s) of
sequences from Pre'°®™(S) that appear in G(n, p) with respect to R(n, q)
satisfies

E[Xprclog" m(5 IOg ) U(F)m . n2
(U )logn . (pe(F)*lq)log n—m
< ( )m 21)(F)m+2 . U(F)210gn . Jogn—m

_ O(TL) . n27J(F)m+2+2 log(v(F))flog(l/c)'

As m is a constant depending only on F' we can choose ¢ = ¢(F') such that
the above expectation is o(1).

Sequences with d,,.x degenerate steps

It remains to consider the prefix sequences in Pre®==<(S), i.e., those which
contain exactly dp,.x degenerate steps. We partition these further into sets
Pre==(V, E, O, () which contain all sequences from Pre®=(S) of length
exactly ¢ for which the total number of new vertices and new edges added
in the dp.x degenerate steps are exactly V and E respectively, and for
which the number of empty steps is exactly O. Clearly, this set can only
be non-empty if 1 < V < dpax(v(F) —3), 1 < E < dpax(e(F) — 2),
0 <0 <emax and 1 < ¢ < logn. Hence, the total number of subsets that
we need to consider is bounded by

d?. (v(F) = 3)(e(F) — 2)emax logn < log(n)? (4.13)

for n large enough.

Recall that for every degenerate step the numbers vy 0of new vertices and
enew Of new edges satisfy vnew — €new/ma(F) < —§ where § = 6(F) > 0
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cf. (4.5). Therefore the set Pred““‘"(V, E,0,?) can only be non-empty if

V = E/ma(F) < —0dmax. (4.14)

We now derive a bound on the number of sequences contained in a set
Pred==(V, E,O,¢). Similar to (£.10) we have at most

m(50)™ (4.15)

choices for the step configuration, i.e., the number of steps that are not
open regular, their types and positions. Moreover, we again model the
first step by choosing a starting edge (n? choices) and by counting the
remaining choices similar to an open regular step.

For each of the O empty steps in a sequence we need to choose a copy of
F within the old vertices, i.e., the vertices which have appeared previously
in the sequence. As the entire sequence contains at most v(F')¢ vertices
we have at most

(v(F)e) 0

choices in total.

Considering all degenerate steps at once we need to choose a total of
dmaxV(F) vertices for them, V of which are new vertices and not from the
previously seen ones, resulting in at most n"" choices, and dyaxv(F) —V <
dmaxvV(F) of which are chosen from the previously seen ones, giving at
most (v(F)€)%maxv(F) choices. Having fixed the new vertices and old ver-
tices it remains to choose for every degenerate step which vertices of the
copy of F' are from the old and which from the new vertices. This gives at
most another 2¢(F)dmax < (y(F)¢)?(F)dmax choices. In total the number of
choices for degenerate steps is bounded by

TLV (U(F)£)2U(F)d"‘ax.

All other ¢ — dpax — O steps are regular steps. Similar to each
open regular step gives rise to at most (v(F)Qn“(F)_2) choices. For the
at most dmax closed regular steps we additionally have to select the two
vertices that in contrast to open regular steps are not predetermined. This
accounts at most for another (v(F)f)?%max choices. In total all regular steps
give rise to at most

—dmax—0O

(0(F))>Emex (v F)2pv(F)=2)" (4.16)
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choices. Combining (4.15| and the n? choices for the starting edge,
we get that the number of sequences in the set Pre®™(V, E,0,) is at
most

m(56)™ - n? - (U(F)E)”(F)O . nV(U(F)E)Q”(F)dma"

- (W) )2 ()2 (F)-2) mex =0
< m(5u(F)0)m+oFIO+20(F)dmax+2dma 4y (F7)2

=o(n) <n2log(v(F))

n2+V+(v(F)—2)(£—dmax—O)

< n3+2 log(v(F))+V+(v(F)72)(47(1,,,“70), (417)

where the last step holds for n large enough. It is easy to see that a prefix
sequence from the set Pred"‘"‘"(V,E, O, {) appears in G(n,p) with respect
to R(n,q) with probability

qz (pe(F)—l)e_dmax_OpE. (418)

Combining (4.17] ) and | D with the fact that n*)—2pe(F)=1y < ¢ and
p < n~1/m2 F , which holds if we choose ¢ < 1, we obtain
that for every Subset Pre max (V. F, 0, ¢) the number Xpredn,ax(V7E,O,€) of
sequences that are present in G(n,p) with respect to R(n, q) satisfies

E[X pratmen (v.5,0.0)] < 7328+ +U(F) ~2)(E=dna=0)

) ql (pe(p),l)é—dmx—OpE

< 321080 (ENHY B dmaxtO (= dmax—O
| S
<1

< n3+2 log(v(F))+V—E/mo(F) —(E/(e(F)—1))+dmax+O

q
<1 since E<dmax(e(F)—2)

4.14]
B2 42108(0(F) ~bdman

Since this bound is independent of V, E, O and ¢, we obtain with (4.13)
that we have for large enough n that

]E[Xpredmax(s)] < 10g(n)2n3+2lOg(U(F))76d’“ax < n4+210g(u(F))76dmax.
(4.19)
Choosing dmax = dmax(F') large enough and L = L(F) such that every
canonical grow sequence with at least L steps has at least d,.x degenerate

steps (cf. Claim [4.10)) we have that the expectation in (4.19) is o(1). O



Chapter

Lower bounds for Ramsey properties in
random hypergraphs

In this chapter we prove a lower bound for the Ramsey problem in random
hypergraphs. For a large class of hypergraphs this lower bound matches
the upper bound proved by Friedgut, Rédl and Schacht [FRS10] and in-
dependently by Conlon and Gowers [CGI0]. This is joint work with Yury
Person, Angelika Steger and Henning Thomas, and is currently unpub-
lished.

5.1 Introduction

Recall that R6dl and Ruciniski [RR93, [RR94, RR95] determined for an
arbitrary graph F' the threshold for the property G(n,p) — (F)¢. To state

49
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their full results we need the following definition, given here in its more
general form for k-uniform hypergraphs. Set

0 if e(G) =0
di(G) =< 1/k ife(G) =1,v(G) =k and mi(G):= max di(H).
e(G)—1 S

Ok otherwise,
(5.1)
We call my,(G) the k-density of G. If G maximizes (5.1]), we call it k-
balanced, and strictly k-balanced if all strict subgraphs of G have strictly
lower k-density.

Theorem 5.1 ([RR93, RRI5, [FK00]). Let F be a graph with at least one
edge and r > 2.

i) If F is a forest of stars, then

0 if p< n- -/ (rAFE)-1+1)
1 ifp > n—1-1/@AE-)+1)

n—roo

hmpwmm—wmﬂ={

it) If r = 2 and F is a forest of stars and at least one path on 3 edges,
then there exists a constant C such that

0 pr < n*l/mz(F) _ n*l

1 ifp> Cn~Y/m2(F) — op-t (5.2)

n— oo

hmemm—Mﬂﬂ={

i1i) In all other cases there exist constants ¢ = ¢(F,r) and C = C(F,r)
such that

lim P[G(n,p) — (F)S

n—oo T

(5.3)

)0 ifp< en~Y/ma(F)
] - 1 lfpzcn—l/mz(F)

Note that for a “nice” graph F the expected number of copies of F' in
G(n,p) is O(n*Fpet)) while the expected number of edges in G(n,p)
is ©(n?p). This result essentially states that the transition from the 0 to
the 1 statement happens for values of p such that these two quantities
are roughly equal. In other words if the expected number of copies of F
per edges is smaller than some small constant ¢/, then coloring without
monochromatic F' is possible, while if this number if larger than a large
constant C’ then a monochromatic F' always appears. This matches the
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intuition that if there are very few copies of F' on each edge, then these
copies cannot overlap much and are thus easy to color while avoiding a
monochromatic copy. If on the other hand there is a very high number
of copies of F' on each edge, then these must overlap heavily and coloring
without a monochromatic copy is no longer possible.

There are two exceptional cases in Theorem stars and paths of length
3. In the case of a star Sy on £ edges it is easy to see by the pigeon hole
principle that S,.y_1)41 — (S¢)s for any 7 > 2. In other words, as soon as
a star on r(£—1)+1 edges appears in G(n, p) it is no longer possible to color
it with r colors without monochromatic Sy;. The threshold for this event
is asymptotically lower than the upper bound of Cn=1/™2(5¢) In the case
of P3 a similar phenomenon occurs. Given any cycle Cy of length ¢ > 3
we obtain a “sunshine graph” Sf} by appending one pending edge to each
vertex of Cy. For any odd ¢ > 5 it holds that Sf} — (P3)5. From standard
results it follows that whenever p = cn~! there is a small but constant
probability that G(n,p) contains such a sunshine graph. Accordingly the
0-statement in cannot be of the same type as .

The generalization of these results to random k-uniform hypergraphs on
n vertices H*(n,p), in which each possible subset of k vertices forms an
edge with probability p independently, was studied by Rodl and Rucinski
[RR98|. They conjectured that for hypergraphs the same intuition must
hold as for the graph case, and that a monochromatic copy of F' appears in
every coloring whenever the expected number of copies of F' per hyperedge
exceeds a large constant. They proved this for the 3-uniform clique on 4
vertices and 2 colors. Together with Schacht they later proved their con-
jecture for k-partite k-uniform hypergraphs [RRS07]. Recently Friedgut,
R6dl and Schacht [FRS10] proved the conjecture for arbitrary k-uniform
hypergraphs. Similar results were obtained independently by Conlon and
Gowers [CG10].

Theorem 5.2 ([FRS10, [CG10]). Let F be a k-uniform hypergraph with
mazimum degree at least 2, and let r > 2. There exists a constant C' > 0
such that for p = p(n) satisfying p > Cn=1/™(F) we have

lim P[H*(n,p) — (F)¢] = 1.

n—oo
We are not aware of any results which prove a corresponding 0-statement.
The above bound is however widely believed to be tight in most cases,
with some exceptions similar to those in Theorem In this chapter we
confirm that this is true for a large class of hypergraphs. However we also
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show that the list of exceptions is larger than in the graph case, and that
in at least one case for which the above is not tight, the bound is given by
the so-called asymmetric Ramsey problem.

Instead of avoiding a monochromatic copy of the same hypergraph F in
all colors as above, in the asymmetric Ramsey case we want to avoid a
hypergraph F; in red, a hypergraph F5 in blue, and so on for all r > 2
colors. Similarly to the classical Ramsey case, we denote the fact that all
edge colorings of a graph G contain at least one monochromatic copy of
F; in its respective color as G — (F1, ..., F,.). Clearly, if all F; are equal
this reduces to the (symmetric) Ramsey case.

This problem was first introduced by Kohayakawa and Kreuter in [KK97],
where they determined the threshold for the appearance of some combi-
nations of cycles (and some more general cases). They also conjectured
that in the general case the threshold is determined by the function below
in the same sense that my(-) determines the threshold for the symmetric
Ramsey problem. Here we state the extension for k-uniform hypergraphs,
the original conjecture concerns only the case k = 2.

Definition 5.3. Let Gy, G2 be two k-uniform hypergraphs with at least
one edge and such that mi(G1) > mi(G2). Then define

e(Gh)
(Gh) =k +1/my(G)

| G} C G1,e(GY) > 1}.
(5.4)

mk(Gl, Gz) = max{ U

Note that if G; = Ga, then my(G1,G2) = mi(G1). We say that Gy is
strictly balanced with respect to myg(-, G2) if no strict subgraph G} € G,
with at least one edge maximizes ([5.4)).

While the above function seems only to apply to the case r = 2, it turns
out that for larger values of r only the two graphs with maximal k-density
fully determine the threshold. Progress towards proving the conjecture in
the graph case was made by Marciniszyn et al. in [MSSSQ09], where they
confirmed it for cliques. They also proved a general 1-statement, provided
that the so-called KLR~conjecture holds. Kohayakawa et al. [KSS| then
proved the conjectured upper bound for two graphs G and H satisfying
some mild conditions. Recently Balogh et al. [BMS12al, and independently
Saxton and Thomason [ST12], proved the KLR conjecture. By the results
in [MSSS09] this implies a 1-statement for r many 2-balanced graphs,
where the one of maximal 2-density has to be strictly 2-balanced.

Recently Nenadov [Nenl3|] extended the result by Kohayakawa et al. in
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IKSS] to k-uniform hypergraphs, exploiting a containment theorem by
Saxton and Thomason [ST12).

Theorem 5.4 ([Nenl3|). Let Gy,...,G, be k-uniform hypergraphs such
that my(G1) > mg(G2) > -+ > my(G,) and such that Gy is strictly
balanced with respect to my(-,G2). Then there exists a constant C > 0
such that for p = p(n) > Cn~1/mk(G1,G2)

lim P[H*(n,p) = (G1,...,G,)] = 1.

n—oo

There are no results proving a matching O-statement (except the very
limited case of Theorem below). However due to the similarity of the
graph and hypergraph case it would be very surprising if this is not the
correct threshold in for most hypergraphs.

5.2 Our results

For any hypergraph F, let m(F’) denote the usual density measure

_ e(H)
v(H)>1

With standard arguments it follows that Bollobas’ small subgraphs theo-
rem [Bol81] extends naturally to hypergraphs as well, i.e. it holds for any
hypergraph F' that

lim P[H"(n,p) contains a copy of F] = (5.5)

n—roo

0 ifp<n-t/mE)
1 ifp>>n-t/mE),

Our main result shows that Theorem is indeed tight in many cases,
but that in contrast to the graph case the list of exceptions is much larger.
Because of this we resort to the following definition.

Definition 5.5 (Ramsey-density-obeying). Let F' be a k-uniform hyper-
graph, and let v > 2. We say that F is Ramsey-density-obeying for r
colors if all hypergraphs H satisfy

m(H) < mp(F) = H - (F)C. (5.6)
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This condition is clearly necessary for a matching O-statement to hold. If
a graph F' is not Ramsey-density-obeying, then by the threshold for
the appearance of a copy of some H with m(H) < my(F) and H — (F)¢
is an upper bound on the 0-statement.

Note that in the case of graphs there are only 2 examples of not Ramsey-
density-obeying graphs: forests of stars, and forests of stars and at least
one Ps, cf. parts i) and ii) of Theorem [5.1

Our main result is a 0-statement which matches the 1-statement in Theo-
rem [5.2] for a large class of graphs.

Theorem 5.6. Let F' be a k-uniform hypergraph containing a subgraph
H C F which is strictly k-balanced, satisfies my(H) = my(F), and which
is Ramsey-density-obeying. Then there exist positive constants ¢ = ¢(F),
C = C(F,r) such that

lim P[H*(n,p) — (F)¢] =

r
n—roo

0 p<cn t/me(F)
1 p> Cn~1/me(F),

Note that we place the condition of being Ramsey-density-obeying on a
strictly k-balanced subgraph of F. This is not an artefact of our proof and
is a necessary condition for the theorem to hold. At the end of this section
we present an example of a Ramsey-density-obeying hypergraph F' which
does not have a subgraph H as required in the theorem, and which has a
strictly lower threshold.

As a straightforward consequence of our proof we also obtain that we can
strengthen the definition of Ramsey-density-obeying as follows.

Definition 5.7 (Ramsey-density-obeying, alternative definition). Let F
be a k-uniform hypergraph and r > 2. We say that F' is Ramsey-density-
obeying for r colors if all hypergraphs H with v(H) < 4v(F)3/a+4v(F)?,

where (F) @)
. e(F)—e
*=y B T F) (v(F) = v(G)),
v(G)>k+1
satisfy

m(H) <my(F)= H -» (F)..
In other words verifying whether our theorem is applicable or not is in the
worst case a finite enumeration problem over all graphs with size at most
some constant depending only on F'.
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We show that all complete hypergraphs are Ramsey-density-obeying, and
obtain the following corollary.

Corollary 5.8. Let Ké“ be the complete k-uniform hypergraph on ¢ > k
vertices and r > 2. Then there exist positive constants ¢, C such that

{0 p < en~ER/()=D = gp=1/ma(KE)

. k el __
lim P[H"(n,p) = (G);] = 1 p> Cn,(g,k)/((ﬁ),l) _ Cn_l/mk(Kéc),

n—oo

It is straightforward to check that both the case of stars and paths of
length 3 can be generalized to arbitrary k-uniform hypergraphs, and that
both cases remain exceptional. Additionally to this we present a construc-
tion which generates for large enough k& a not Ramsey-density-obeying
k-uniform hypergraph out of every (2-uniform) graph.

Let G = (V, E) be a graph and W a set of k — 2 additional vertices with
VAW = 0. We denote by GT*~2) = (V' E’) the k-uniform hypergraph
obtained by adding the vertices of W to each edge of G, i.e. we set V' =
VUW and E' = {eUW | e € E}. If the dependency on k is clear from
the context we write G* instead of GT(+~2),

As a first example consider the complete graphs K3 and Kg. It holds that
K¢ — (K3)5. It is easy to see that the same holds for K and K7 for
any given uniformity k& > 3. It is also easy to check that my(K3) = 2
regardless of k, while m(Kg) = 15/(4 + k) is strictly decreasing in k. For
k = 4 we obtain my(K3) =2 and m(Kg) = 15/(6 + k —2) = 15/8 < 2,
i.e. K2 is not Ramsey-density-obeying.

This construction can be generalized for any graph G with at least 2 edges.
By Ramsey’s theorem for any graph G there exists some ¢ such that K, —
(G)e. The value of my(G™T) remains constant for all k > 2, while for k

large enough it holds that my(GT) > m(K,). This however implies that
GT is not Ramsey-density-obeying for k large enough.

In the graph case there are two possible “types” of thresholds for the
Ramsey problem: either they are exceptional, and essentially due to the
appearance of a small counter-example (cases i) and ii) in Theorem, or
they behave “nicely”. In the case of hypergraphs the picture is more com-
plex, as the following example of a 7-uniform hypergraph demonstrates.

Denote by Cg 20 the 7-uniform cycle with 20 vertices and 20 edges such that
two successive edges overlap in exactly 6 vertices, by C4 the graph cycle
on 4 edges, and by C; the corresponding 7-uniform hypergraph obtained
by the construction above.
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Theorem 5.9. Let F = CJ W Cg 99 be the disjoint union of a copy of Cf
and Cg 20. Then there exist positive constants ¢ and C' such that

0 < —1/m7(C+,06,20)
lim B[H(n,p) — (F)5] = { p= :

n—oo

1 p> Cnfl/m7(czr,ce,20)’

where m7(Cy , Ce.20) is defined in (5.4)) and satisfies

mz(Cf) > me(CY, Cs,20) > mr7(Cs,20)

The title page of this thesis shows a picture of C’I W Cs,20-

The hypergraph C’[f W Cs,20 is Ramsey-density-obeying, but the only max-
imal strictly k-balanced subgraph is Cj, which is not Ramsey-density-
obeying. We fully explore only this example, however we believe that this
type of construction would turn up many more similar examples.

Note that in the graph case (i.e. k = 2) the only strictly 2-balanced sub-
graph of any tree is the star with 2 edges. This subgraph is however
not Ramsey-density-obeying (it is a star) and thus no trees are covered
by our main theorem. By Theorem trees T" which are not stars or
paths on 3 edges are however not exceptional and do have a threshold at
p = O(n"Y7"2(T)) Our theorem is therefore not complete. At present we
have no characterization which distinguishes hypergraphs which are not
covered by our theorem but which do have a 0O-statement matching the
1-statement in Theorem [5.2] and those for which the 1-statement is not
tight, such as the above example of C} & Cs,20-

5.3 Proof of the main result

In this section we prove Theorem[5.6] Note that the 1-statement is given by
Theorem so we only need to prove the O-statement. We split the proof
of the O-statement in two parts. In this section we present a probabilistic
proof of the O-statement which makes use of a key deterministic lemma.
We give the proof of this lemma in the next section.

The ideas used here are an evolution of some ideas already present in
[IRR93] and [MSSS09]. We applied a similar technique in [GPSTI12] as

well.

For this section we assume that the number » > 2 of colors and the for-
bidden hypergraph F are fixed. We prove that we can 2-color H*(n,p) for



5.3. Proof of the main result 57

p < en~Y/m:(F) without a monochromatic copy of F. We can assume with-
out loss of generality that F' is strictly k-balanced and Ramsey-density-
obeying. If this is not the case, then we replace F' by a hypergraph H as
in the claim. Proving that we can 2-color H*(n,p) without a copy of H
implies the claim for F.

We may also assume that F' contains at least 3 edges. The case of 1
edge is trivial. All strictly k-balanced hypergraphs F’ on 2 edges are
such that the two edges intersect in ¢ common vertices, 1 < ¢ < k — 1,
and it holds my(F’") = 1/(k — £). The hypergraph F* formed by r + 1
edges all intersecting in ¢ common vertices cannot be colored without a
monochromatic copy of F”, but it holds that m(F*) < my(F"). It follows
that no strictly k-balanced hypergraph with 2 edges is Ramsey-density-
obeying.

We need to show that for p < en™/"+(F) it holds that
lim P[H"(n,p) — (F);] = 0.

For any hypergraph H we call edges of H which are not contained in two
otherwise edge-disjoint copies of F' open. We call all other edges closed.

The reason for this distinction is that open edges are easy to color. Assume
there exists a valid r-coloring (i.e. one without monochromatic copy of F')
for H — e, the hypergraph obtained from H by removing e from the edge
set. Then we can trivially extend this coloring to H itself by using the
fact that e is open. We can always assign either the color red or blue
to e unless e is contained in two copies of F' which are (up to e) already
monochromatic red and blue. This implies that these two copies are edge-
disjoint and contradicts the fact that e is open. We can therefore find a
valid 7-coloring of H*(n, p) by running Algorithm

H := H"(n,p)
while H contains an open edge e do

e
end
Color H
Add the removed edges in reverse order and color them
appropriately.

Algorithm 1: Coloring H”(n, p).

Of course, the step “Color H” is the difficult one. Next we show that this
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is always possible.

Note that H has the property that every edge is closed, i.e. contained in
two otherwise edge disjoint copies of F. We call it the F-core of H*(n, p).
Also note that the order in which the open edges are removed is irrelevant
and that the F-core of H*(n,p) is uniquely defined. We call a subgraph
H of H F-closed if every copy of F is either fully contained in H or
edge disjoint with it. It is easy to see that we can partition the F'-core
into minimal (by subgraph inclusion) F-closed subgraphs which can all
be colored independently. Assume that we find a valid coloring for all
minimal F-closed subgraphs, then their union yields a valid coloring for
H and therefore with the above algorithm for all of H¥ (n,p). The proof
of Theorem now follows easily from the next lemma.

Lemma 5.10. Let F be a strictly k-balanced hypergraph with at least 3
edges. There exist constants ¢ = ¢(F) > 0 and L = L(F) > 0 such that if
p < en~ V() then a.a.s. every minimal F-closed subgraph of H*(n,p)
has size at most L.

Proof of Theorem[5.6] Let ¢ = ¢(F) and L = L(F) be as in Lemma [5.10]
Let H be any hypergraph with v(H) < L and e(H) > v(H) - my(F).
For p < en~Y/™+(F) the expected number of copies of H in HF(n,p) is
O(n*H pe(H)y = o(1). As there can be at most a constant number (de-
pending only on L) of such hypergraphs H, it follows by Markov’s inequal-
ity that H*(n,p) a.a.s. contains no subgraph H of at most L vertices and
m(H) > my(F). This implies in particular that for any minimal F-closed
subgraph H' it holds that m(H’) < my(F). As F is Ramsey-density-
obeying, by definition there must exist a valid coloring for H'. By the
arguments outlined above this implies the same for the F-core and thus
for all of H*(n,p). O

It remains to show Lemma [5.10] The proof is essentially a first moment
argument. We enumerate all possible minimal F-closed hypergraphs of
length more than L and show that the probability that one or more of
them appears in H*(n,p) is o(1).

Let G be some minimal F-closed hypergraph. We assume that some arbi-
trary total ordering on the vertices of G is given. By lexicographic ordering
this induces a total ordering on the edges of G as well, i.e. we can always
choose a well-defined minimal edge out of any edge set. For the enumer-
ation aspect of the problem we map any minimal F-closed hypergraph G
to a sequence of copies of F' via Algorithm [2| shown on the next page.
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1 Fy < any copy of F'in G
2 G1<—F1

34+1

4 while G; # G do

5 t—1+1

6 if G;_1 contains an open edge then

7 J < smallest index j < i such that F} contains open edges

8 e < the minimal open edge in F}

9 F; < a copy of F in G but not G;_; which contains e

10 else

11 F; < an arbitrary copy of F' in G but not G;_; which
intersects G;_1 in at least one edge

12 end

13 G+~ Gi_1 UF;

14 end

Algorithm 2: Decomposing minimal F-closed hypergraphs

It is easy to see that this algorithm is correct and terminates, as every
edge of G is contained in a copy of F' and G is connected.

Note that the sequence S := (Fi,...,Fy) fully describes a run of the
algorithm. We call it a grow sequence for G and each F; in it a step of the
sequence, 1 < ¢ < ¢. With this we can turn the problem of enumerating
all minimal F-closed hypergraphs into the simpler one of enumerating all
grow sequences which may appear as output of Algorithm 2]

We fix some arbitrary labeling on the vertices of F. With this we can
represent every copy of F in G as an ordered tuple of v(F) vertices and
accordingly every grow sequence as an ordered tuple of tuples of v(F)
vertices each.

Given some grow sequence S = (Fy, ..., Fy) for G we can easily reconstruct
G as the union of all F;, 1 <4 < £. In fact, we use S and the hypergraph
generated from it (which we denote H(S)) interchangeably. In particular
if we write that S is contained in H”(n,p), then we mean that all edges
of H(S) appear in H*(n,p). In this section in the context of some step Fj
we use the notation G;_; and G; equivalently to their use in Algorithm

We show that the expected number of sequences with length £ between L (a
constant fixed later) and £,.x = ©(logn) which are contained in H*(n, p)
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for p < en~V/me(E) ig o(1). As all sequences longer than £,,,x must have a

prefix of length £,.x, the claim follows by Markov’s inequality.

The key idea is to bound the number of possible sequences by multiplying
for each step F; the number of choices available for the tuple representing
F;. Each step introduces enew > 1 many new edges which are not present
in G;_1, and therefore adds a factor of p°»ev to the probability that a
sequence containing F; appears in H*(n,p). As we see later for most
steps the result of multiplying the number of choices for F; times p®rev is
bounded by the constant ¢ < 1 in Lemma [5.10] and in some cases even by
some function in o(1). In other words, the longer the sequence, the less
likely it is to appear in H*(n, p).

We distinguish various different step types. We call F} the first step. For
i > 2 we call steps in which H = G;_1 N F; corresponds to exactly one edge
reqular, and call all other steps degenerate. Further we say that a step is
open or closed depending on whether F; was chosen in Line [9] or Line
of Algorithm

In the following we discuss the number of choices available for each step
type. For this we assume that a sequence S of length ¢ is encoded as /¢
ordered tuples of v(F) many vertices of H*(n,p).

For an open regular step F; the intersection with G;_; corresponds exactly
to the minimal open edge in the lowest-index F}; with open edges in G;_1.
This edge and its vertices are therefore fixed by all preceding steps, up to
its exact embedding into F;. It remains to choose the other v(F) — k new
vertices and the e(F) — 1 new edges. The total contribution of such a step
to our bound is

,U(F)Icnv(F)fkpe(F)fl < U(F)kce(F)fl <e, (57)
where ¢ is the constant in Lemma which we choose small enough for

the above to hold (and such that log(c) < —1, which we need later).

In contrast to open regular steps, if a step F; is closed regular the inter-
section of F; and G;_; is not fully determined by G;_1 and we need to
choose it. At step ¢ the hypergraph G;_; contains at most v(F) - i many
vertices, so we obtain

’U(F)k(U(F) _i)knv(F)—kpe(F)—l <ec- (U(F) ’L)k

Now consider the case of degenerate steps, i.e. those for which H := F; N
G;_1 satisfies v(H) > k. Recall that F is strictly k-balanced, so for any
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subgraph H C F with v(H) > k we have

(H)

e e(F)
v(H)

-1
o(F)—k

—1
7]<3< mk(F),

and thus

e(F)—e(H)  (e(F)—1)— (e(H) - 1)
o(F) = o(H) ~ (B =) =) —k) 68

This implies that we can choose some constant o > 0 such that regardless
of the choice of H with v(H) > k it holds that

v(F) —v(H) — (w < —a

Applying this to a (open or closed) degenerate step F; we obtain

S ((F) - i) i (PI=o D peF el < (o) .5 Php=e, (5.9
HCF

v(H)>k

Equations - show that closed regular steps make sequences con-
taining them more likely to appear, especially if they appear late in the
sequence, while open regular steps make them slightly less likely. Degen-
erate steps on the other hand introduce a factor n~% which suggests that
sequences containing many of them are very unlikely to appear in H*(n, p).
The next lemma gives some crucial bounds on the number of degenerate
and regular closed steps.

Lemma 5.11. Let S be a grow sequence of length ¢ for some minimal
F-closed hypergraph.

i) If S contains at most d degenerate steps, then ¢ < 4d-v(F) + 1.

it) If a prefix S; of S, 1 < i < ¥, contains at most d degenerate steps,
then S; contains no closed regular steps F; with j > 4d - v(F) + 1.

The proof of this lemma is deferred to the next section.

We can now finish our first moment argument. Set dpyax := v(F)/a + 1
and L' = 4dpaxv(F) = 4v(F)?/a + 4v(F). By Lemma all sequences
longer than L’ must contain at least dy., degenerate steps. Set £y 1=
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v(F)log(n) + dmax + 1. We consider two cases: the first are those se-
quences which have their dy,.th degenerate step before £,,x. We truncate
them after the d,.th step. The second are those sequences whose dyaxth
step appears after £;,,x. We truncate these at length /.. Note that by
Lemma in both these cases closed regular steps can only happen in
the first L’ steps of the sequence.

In the first case we obtain

frnax—1 /
> () (@) - =) (u(F) - L))" =
e=L'+1 (
= O(polylog(n) - n"Fp=admax) = (1),

Here we bound the contribution of the first step by n?¥), drop the con-
tribution of ¢ < 1 for all regular steps, and use the fact that only the first
L’ steps may be closed regular.

Recall that log(c) < —1. In the second case we thus obtain

dmax ,

Z nv(F) (Z,r:iax) ((”U(F) . gmax)v(F)nia)d((’U(F) . L/)k)L cfmax—d—1
d=0

= O(pOlylog(n) . n”(F) . cémax—d—l)
= O(polylog(n) - n?(F)Atose)y — (1),

As a sequence of length L’ can have at most L := v(F) - L’ many vertices
this finishes the proof of Lemma [5.10] and thus of Theorem [5.6

Note that while in this section we take a decidedly probabilistic view, the
above proof can also be used to yield a deterministic statement concern-
ing the m(-)-density of not Ramsey-density-obeying hypergraphs. This is
also the reason for our alternative definition of Ramsey-density-obeying in
Definition 5.7

5.4 Proof of the bound on sequence lengths

Let S = (Fi,...,Fy) be some grow sequence. For all 1 < ¢ < £, let
S; = (Fi,...,F;). For any S; and any regular step Fj, j < i (considered
as a copy of F') we call the edge e := E(G,_1) N E(F;) the attachment edge
of F; and the vertices in V(F}) \ V(G;_1) the inner vertices of F;. We
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Figure 5.1: The possible copies of F' created in a regular step. The solid
lines represent F., the dashed ones F.

say that Fj is fully open in S; if no step Fj/, j < j' <'i contains an inner
vertex of F; and every edge in F}; except e is open in S;. Lastly we denote
by fo(S;), reg(S;) and deg(S;) the number of regular, degenerate and fully
open steps in S;. We also consider the first step to be fully open in S;.

This first lemma implies that newly added regular steps F; are fully open
in S; (and that in the definition above the requirement that all edges be
open is redundant).

Lemma 5.12. Let G be an arbitrary hypergraph and let F, be a copy of
a strictly k-balanced hypergraph F' with at least 3 edges which intersects G
in ezactly one edge e € E(G). Further let

= maX{|61 ﬁ€2| | e1,e € E(F) Ney # 62}

be the mazimum number of vertices in the intersection of two edges of F.
Then all copies F' of F in Gt = GUF, which are not contained in G have
the form

F=F —ec+é:=((V(F)\e)UE (E(F)\{e})u{e}),
where & € E(G) and |éNe| >, cf. Figure[5.]]
Proof. Let F be some copy of F' in Gt which is not fully contained in

G. Note that if F = F. then the lemma is true for é = e, so we assume
F #F,.
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Let € be an arbitrary edge of F which is not contained in E(F,). Note
that this implies € € E(G).

First we show that E(F)\ {¢} must be contained in E(F,) \ {e}, which
implies that the two sets are equal. Assume this is not true. Set Fnew =

FIV(FE.)], Foa := F[V(G)] and F£&, = Foew Ue. We assumed that E(F)\

new

{€} ¢ E(F.)\ {e}, and therefore F must contain some edge different from
€ which is not contained in E(F'), and is thus contained in F(G). This
implies that 6(F01d) > 2. As F is not fully contained in G it must contain
at least one edge of E(F,) \ E(G). As e € E(G) and e € E(Fe) it also

new

holds that e(F*e ) > 2. The intersection of Fyq and FLow can contain at

new

most one edge (i.e. €) so both F,q and Frfgi, must be strict subgraphs of
F.

Regardless of whether e was already an edge of Fey or not it holds that

e(ﬁ’) = (Fold) + e(F+e )—1 and U(F‘) > ’U(Fold) + 1)(F'~'e ) — k.

new new

We thus have

a2 elF) -

my(F) = my(F) = e(Fog) —1+e(Fte) —1

new

1
u(F) — k v(Fo) — k+v(Fiks) — k

< mk(F),

which is a contradiction. Here the last inequality follows from the fact that
F is strictly k-balanced, that F1t¢ # Fand Fy)q # F, and Proposition

It remains to establish that | N e| > 7. Assume this is not the case, then
the graph F.: := (e U§¢,{e,é}) obtained by the union of e and € is a
strict subgraph of F'. The same holds for Fnew = F[V(Fe)] It is easy to
check that e(F) = e(Fpew) +¢(Fez) — 1 and v(F) = v(Few) +v(F. ) — k.
Therefore we obtain

7y = e) L (P,

_ _ L e(Feg) = 1+ e(Fuew) =
my(F) = my,(F) = V(F)—k  v(F.z) —k+o(Foew) — k

s

The last inequality holds by Proposition and the fact that both F, &
and Fe are strict subgraphs of the strictly k-balanced hypergraph F.
This is again a contradiction. O

Corollary 5.13. Let S = (Fy,...,Fy) be some grow sequence. For all
i < £ and all regular steps Fj, j < i it holds that if no step Fy with
Jj < j' <i contains an inner vertex of Fj, then F; is fully open in S;.
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Proof. Let F; be a regular step as in the claim and let f; be its attachment
edge. As F contains at least 3 edges, for every edge e in E(Fj) \ {f;}
the same set contains a second edge €’ different from both e and f;. By
Lemma any two copies of F' in H(S;) which overlap in e must also
overlap in ¢/, and thus e cannot be closed. O

For i > 1 let x(7) denote the number of fully open copies “destroyed” by
step i, i.e. let

k(1) = |{j < i | F} fully open in S;,_; but not S;}|.

If F; is a regular step, then clearly (i) < 1, while if it is a degenerate step
then k(i) < v(F) — k + 1. The reason for this is that a degenerate step
must intersect G;_; in at least one pre-existing edge. This edge intersects
the inner vertices of at most one fully open step.

Lemma 5.14. Let F, ..., Fi o(r)—2 be a sequence of consecutive regular
steps such that k(i) = 1. Then k(i+1)=--- =k(i+e(F)—2)=0.

Proof. As k(i) = 1 it holds that F; is the first step which intersects the
inner vertices of some fully open step F}, j < i. Before step F; by definition
F; has e(F) — 1 open edges. We show that F; and the e(F) — 2 following
regular steps each only close exactly one open edge of F;. This implies that
before each step Fiyp, 1 < ¢ < e(F) — 2, the step Fj still has open edges,
and thus by our grow sequence algorithm F;, intersects one of these open
edges. As Fj,, is regular it does not intersect the inner vertices of any
other fully open step and thus x(i + £) = 0.

Assume some Fj14, 0 < ¢ < e(F)—2, closes more than just its attachment
edge fi1¢. Then there is some other edge € € E(F;) which after step Fiy,
becomes part of a copy of F' otherwise edge-disjoint with F;. However by
Lemmaany such copy is of the form F; s — fi1¢+€ and |fireNeé|l > 7.
As both f;4, and é were added together in step Fj it must hold that
| fiee N €| <~ which is a contradiction. O

Now we prove a lower bound on the number of fully open copies of F' that
can be contained in any grow sequence of length ¢ and with at most d
degenerate steps.

Lemma 5.15. Let S be a grow sequence of length €. For oll 1 < i < ¢ it
holds that

fo(S;) > reg(S;) - (1 - ) — deg(S:) - v(F). (5.10)

1
e(F)—1
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Proof. Let (i) := fo(S;) —reg(S;)- (1 - ﬁ) +deg(S;) - v(F). To prove
the lemma we need to show that (i) > 0 for all ¢ < ¢. In fact we prove
the following stronger statement

0) > 1 if F; is degenerate
= 0 otherwise.

We prove this by induction. For ¢ = 1 we have reg(S;) = deg(S1) = 0
but fo(S;) = 1. Assume now that step F;, i < ¢, is degenerate. Then
o(i) — (i —1) = v(F) — k(i) > 1 and the claim follows. If F; is regular,
let j < 4 be the largest index of all previous steps with k(j) > 0 or for
degenerate steps even x(j) = 0. (If both do not exist set j = 0.) It holds
that (i) — ¢(j) = (i — )/ (e(F) — 1) — x(0). 1f (i) = 0 or if (j) > 1 (E,
is degenerate) we are done. If that is not the case then by Lemma
i —j>e(F)—1, and thus ¢(i) > 0. O

Now we are ready to prove Lemma [5.1

Proof of Lemma[5.11] We prove part [i) first. Let S be a grow sequence
of length ¢ with at most d degenerate steps. The hypergraph H(S) con-
tains no open edges by definition, and thus also no fully open steps. By
Lemma [5.15] this implies that

deg(S) - o(F) > reg(S) - (1 - e(F)%l)

must hold. We have deg(S) > d and reg(S) < £ —d — 1 (the first step is

neither degenerate nor regular). We obtain

d~v(F)2(€—d—l)(1—e(F)%1).

Solving for ¢ and using 1 — 1/(e(F) — 1) > 1/2 we obtain
(< 2d(v(F)+1)+1<4d-v(F)+1,

which proves the first part.

For the second part of Lemma let S; be some prefix of §, 1 < i </
with at most d degenerate steps. Note that before any closed regular step
j <1, H(Sj_1) contains no open edges. By the above inequality it must
therefore hold that j —1 < 4d - v(F) 4+ 1 and the claim follows. O
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5.5 Complete hypergraphs

In this section we prove that all complete k-uniform hypergraphs K f on

¢ > k vertices satisfy the assumptions of Theorem (and Corollary
thus holds). The fact that K é“ is strictly k-balanced is easy to check, so
we only have prove that K f is Ramsey-density-obeying.

A hypergraph G is called ¢-degenerate if £ > §(H) for all H C G.
Lemma 5.16. Fvery k-uniform hypergraph G is |k - m(G)]-degenerate.
Proof. Let H C G be any subgraph of G. Then

ZUGV(H) degp (v) _ ke(H) m
o(H) = gy = k(@)

The left hand side of the equation corresponds to the average degree of H.
As there must be at least one vertex with at most average degree it easily
follows that every subgraph of G must contain at least one vertex with
degree at most k- m(G). As degrees are integers this can be improved to
Lk -m(G)]. O

Let 7e(F') denote the size-Ramsey number of F, that is
re(F) = min{e(G) : G — (F)$}

and denote by R({) the classical Ramsey number, i.e. the minimum number
m such that K,,, — (K,)5. We make use of the following theorem by Erdés,
Faudree, Rousseau and Schelp [EFRSTS].

Theorem 5.17 ([EFRSTS]). For all integers £ > 2 we have r.(K;) =
(")
5)

This bound easily generalizes to hypergraphs by using the notion of a link.
Let H be a k-uniform hypergraph, v a vertex in H and H, the subgraph of
H induced by the edges incident to v. The link of v is the (k — 1)-uniform
hypergraph obtained by removing v from every edge of H,.

Corollary 5.18. Let all integers £ > k > 2 we have

ro(KF) > (R(E_k+k2)+k_2>'
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Proof. We proceed by induction on k£ > 2. The base case k = 2 imme-
diately follows from Theorem So assume k > 3 and let H be a
k-uniform hypergraph with H — (KJ)§ and e(H) = r.(K}). We claim
that

S(H) > ro (K1), (5.11)
Note that otherwise there exists v € V(H) such that the link of v is a
(k — 1)-uniform hypergraph with less then r.(K} ') edges, that is we
can color the edges of the link of v without a monochromatic copy of
K}~ Moreover since e(H) = r.(K}) we know that there exists a valid
edge-coloring of H — v without a monochromatic copy of K f. The edge-
coloring of the link of v then extends this coloring to one of H, which is a
contradiction.

Hence, (5.11)) holds and with the induction hypothesis we obtain

5(H) > Te(Kéc:ll) > (R(kakt1)+k:73).

Clearly, the minimum degree can only be that large if H — v contains at
least R(¢ — k + 2) + k — 3 vertices. As e(H) > v(H)d(H)/k this implies

R({—k k— — — - _
e(H) > ( J;Cz)Jr 2(R(Z kkt21)+k 3) _ (R(Z k+k2)+k 2).

Lemma 5.19. Let ¢ > k > 3. Then
ro(KEY) > k- my (D).

Proof. In the light of Corollary [5.18| we only need to show that

(R(@—kk-i-_?l)-i-k—?)) > k- mk(Kéc)
Observe that, trivially, R(n) > (n—1)? (consider, for example, n—1 sets of
n — 1 vertices each and color all edges within a set red and edges between
sets blue). Using R(3) = 6 we deduce R(n) > n + 2 for all n > 3. Thus

(REREH=8) > (1) = %(ﬁ) 2 %(Q

£ —
As k-my (Kf) = % this completes the proof for k > 4.

For the case k = 3, £ > 5 we apply Theorem to obtain

Te(Kg—l) = (R(Z;l)) > <(Z;2)2)'
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It holds that 3-mg(K}) < £3/(2(¢ — 3)), which is easily verified to be less
than the above for all £ > 5. The last remaining case, i.e. k =3, { =4, is
also easily verified by hand using R(3) = 6 and Theorem O

With these preparations at hand the proof that complete hypergraphs are
Ramsey-density-obeying is now easy.

Lemma 5.20. For all integers £ > k > 3 the complete k-uniform hyper-
graph K} is Ramsey-density-obeying.

Proof. Let G be a k-uniform hypergraph with density m(G) < my(K}).
We need to show that where exists an edge coloring of G with two colors
that does not contain a monochromatic copy of Kf. By Lemma
we know that G is |k - my(K[)|-degenerate. We can therefore order the
vertices of G as (v1,...,Vy(q)) such that for each v;, 1 < i < v(G), we
have degg, (v;) < k- my(K}), where G; := Gluy, ..., v;].

We color G by iteratively. Clearly we can 2-color G; without a forbidden
monochromatic clique. Assume there is a valid 2-coloring for G;_; and
consider the vertex v;. It has degree at most kmy(KF) and its link therefore
contains at most kmk(Kf) many edges. By Lemma we can find a
2-coloring of it without a monochromatic K é“:ll. By coloring each edge
incident to v; in G; according to the corresponding color in a K é“:ll-free
2-coloring of the link we can extend the coloring of G;_; to one of G;
without introducing a forbidden monochromatic K. O

5.6 The asymmetric example

In this section we prove Theorem [5.9]
Let ' = Cg 20 ¥ Cj. Recall that

TH7(F) = m7(CI) = 3/2 > m7(C'2',C’6720) = 76/51 > m7(C’6720) = 19/13

We prove the 1-statement first. Let p > Cn71/m7(c;r,cs,20)7 where C' is
the constant in Theorem Note that C; and Cg o9 satisfy the strict
balancedness condition in that theorem. It holds that K¢ — (C4)§ and
thus Kg — (C)§ as well. Further it holds that m7(Cy, Cs 20) > m(Kg),
and thus by that H™(n, p) a.a.s. contains a copy of Kg' and therefore
a monochromatic copy of C; . As m7(C}, Cs.20) > m7(Cg,20) it holds by
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Theorem that a.a.s. H'(n,p) also contains a monochromatic copy of
Ce.20. Assuming H7(n,p) contains such monochromatic copies of C and
Cs,20 we pick any two and compare their color. If both have the same
color, then we have found a copy of F' and are done. If they do not have
the same color, assume without loss of generality that the copy of C} is
red and the one of Cg 90 blue. Then the statement can only be false if
there exists an edge coloring of H'(n,p) which contains no blue copy of
C; and no red copy of Cg 29. By Theorem and our choice of p this is
a.a.s. not possible.

It remains to prove the O-statement. We use a grow-sequences approach
very similar to the one in Section In this case we say an edge is
closed if it is contained in both a copy of C;” and a copy of Cg 20 which
are otherwise edge-disjoint, and open otherwise. We can again reduce the
problem to cores by successively removing open edges from H7(n,p) until
only closed edges remain. We then partition this subgraph further into
inclusion-minimal edge-disjoint closed subgraphs. As in the symmetric
case we prove that these minimal closed subgraphs are either of a small
fixed size depending only on F', or that with high probability they do not
appear in H(n,p) for p as in the O-statement.

The definition of a grow sequence cannot be taken over unchanged from
Section [5.3] as we need to consider two different graphs simultaneously.
This motivates the following definition. Let C* be the set of hypergraphs
consisting of 1 copy of Cg 29 with edges ey, ..., e19 and 19 copies CL- of Cf
such that for 1 < ¢ < 19 we have e; € E(CL) The edge ¢eq is called the

attachment edge. Note that these 19 copies of CI do not need to be distinct
as graphs, however the above construction implies a natural matching
between edges of Cg 20 and copies of CZ. Pairs consisting of a copy of
C; and the edge of Cg 0 it is matched to are therefore unique (within
any given matching). In the remainder we always assume without loss of
generality that for any given C* € C* the set of 19 copies, the associated
matching, and the attachment edge are known; as we can always choose
them arbitrarily among all possibilities meeting the definition above.

Note that for every C* € C* it holds that v(C*) < 58 and e(C*) < 77,
with equality if and only if all 19 copies of Cz' are distinct, intersect the
copy of Cg 20 in exactly one edge and 7 vertices, and their remaining 2
vertices are distinct from those of any other copy of Cj .

We define our grow sequence according to Algorithm [3] where G is a
minimal closed subgraph of H'(n,p).
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© 00 N O ok W N

10
11

12
13
14

15
16
17
18

Let Cy be a copy of Cj in G
Gl — Cl

11

while G; # G do

t—1+1
if G;_1 contains an open edge then
J < smallest index j < i such that C; contains open edges
e < the minimal open edge in C;
C; < a copy of some hypergraph from C* in G but not G;_;
which contains e as the attachment edge
else
if there exists a copy C* of a hypergraph in C* in G, not
contained in G;_1, which intersects G;_1 in its attachment
edge then
‘ C; «+ C*
else
C; + some copy of C;” not contained in G;_; which
intersects G;_1 in at least one edge
end

end
Gi — Gv‘,—l U Oz

end

Algorithm 3: Decomposing minimal closed hypergraphs in the asym-
metric case
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Note that after each iteration of the while loop the only edges which are
possibly open in G; are those which are contained in a copy of Cj but
not one of Cg99. For this reason if G;_; contains open edges, then G
must always contain a copy of Cg 29 which intersects each of these open
edges. Further the remaining 19 edges of this copy of Cg 29 must also
each intersect some copy of C’j. For this reason we can always find some
hypergraph in C* satisfying the requirements of Line [0} If G; contains no
open edges but is still not equal to GG, then there must exist either a copy
of Cg,20 (and thus of some C* € C*) or C;f in G which is not contained in
G;_1, but is not edge-disjoint from it. The algorithm is therefore correct
and terminates.

As in our first application of this grow sequence technique we need to
establish some bounds for the contribution of regular and degenerate steps
to our first moment argument (we define these precisely below). We begin
with this lemma, which for degenerate steps essentially replicates ,
but in contrast to the symmetric case does not simply follow from an
assumption of strict k-balancedness. We prove it in the next section.

Lemma 5.21. For all C* € C* we have that all H C C* which contain
the attachment edge of C* satisfy

e(C*) —e(H) < 76

WO —o(H) S 51~ mz(Cy, Cs 20)- (5.12)

If the inequality is tight, then H consists of exactly the attachment edge of
C*. In this case it also holds that all 19 copies of Cj in C* intersect the
copy of Cg 20 in exactly 7 vertices and 1 edge, and the remaining 2 vertices
are distinct from those of any other copy of Cf .

As in Section[5.3] we distinguish various step types. Cj is the first step. For
a step C; set H; := C;NG;—1. If (e(C;) —e(H;))/(w(C;) —v(H;)) = 76/51
then we call the step regular, otherwise degenerate. We further call regular
steps open or closed by whether they are chosen in line [9] or The step
chosen in line [14]is always degenerate.

Consider any open regular step C;. By Lemma [5.21] its intersection H;
with G;_; is exactly one edge, and thus we can bound the contribution of
each such step by

C*|0(C;) TP (CO=Tpe(C—1 < |o* (587 (T0p 51~ T651/76 <

where c is the constant in Theorem which we choose small enough for
the above to hold, and small enough that log(c) < —1 holds.
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If C; is regular closed we have

|C*|v(Ci)7(v(Ci) .i)7nv(C’i)—7pe(CT;)—1 <c- (58 . i)7.

Now consider the case of a degenerate step C; which is a copy of some
C* € C*. By Lemma [5.21] we can choose a constant oy > 0 such that
regardless of the choice of C* € C* we have

e(C*) — e(H))

U(C’*) _ v(Hl) —m7(CI, 06,20)

< —0q.

In the case of a degenerate step consisting of just a copy of Cj (i.e. one
as in Line we can choose ag > 0 such that for all H; C Cj, e(H;) > 1,
we have

_e(Cf) — e(Hs)

C) —v(H;
v(Cf) — v(H;) ma(CF Coa0)

< —Qg9.
Note that this holds even for H; being exactly one edge, as m7(C}) >
m7(Cy, Cs.20). We then set @ = min{aq, as}.

With this we obtain for any degenerate step C;

‘C*|U(C’L)U(H1)(Z . ,U(Ci))U(Hi)nU(Ci)—v(Hi)pe(Ci)—e(Hi) S i58n_“.

As in the symmetric case we prove a bound on the length of a grow sequence
in terms of the number of degenerate steps it contains. The proof of this
lemma is also postponed to the next section.

Lemma 5.22. Let S be a grow sequence of length .

i) If S contains at most d degenerate steps, then £ < 61d + 1.

it) If a prefir S; of S, 1 < i < ¢, contains at most d degenerate steps,
then S; contains no closed regular steps F; with j > 61d + 1.

We can now finish our first moment argument. Set dpyax := 58/ + 1 and
L =061 -dpax+1=3538/a+62. By Lemmaall sequences longer than
L must contain at least dpya.x degenerate steps. Set fyax := 58log(n) +
dmax + 1. We consider two cases: the first are those sequences which have
their dp.xth degenerate step before f,,x. We truncate them after the
dmaxth step. The second are those sequences whose d,.th step appears
after {max. We truncate these at length ¢y,ax. Note that by Lemmal5.22]in
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both these cases closed regular steps can only happen in the first L steps
of the sequence.

In the first case we obtain

Lmax—1
D0 g ) (P ) (38 L)) =
=L+1
= O(polylog(n) - n®8n = dmax) = o(1).

Here we bound the contribution of the first step by n°®, drop the contri-
bution of ¢ < 1 for all regular steps, and use the fact that only the first L
steps may be closed regular.

In the second case we obtain

dtnax
5 max 58 —a\d L g ax—
D™ () ()™ ) (58 L)7) et
d=0
= O(polylog(n) - n®%cfmax=1=4) = O(polylog(n) - n®2(1 198y = (1),

With this we proved that only grow sequences of length at most the con-
stant L can appear in H'(n,p) for p < en™7(C{ Co.20) | For any such short
sequence S it must hold that m(H(S)) < mz7(Cy,Ce.20), otherwise they
are a.a.s. not contained in H'(n,p) by . The next lemma establishes
that C’I W 20 has a property equivalent to being Ramsey-density-obeying
for the asymmetric Ramsey case and shows that we can always color such
short sequences without a forbidden monochromatic copy of Cj or Cg 2.
This then concludes the proof of Theorem

Lemma 5.23. Let G be a 7-uniform hypergraph for which it holds that
m(G) S m7(CI7C@"20). Then G -+ (01706’20),

Proof. Without loss of generality we assume that we want to color G
without a red Cj or a blue Cg 20 (we call this a valid coloring). Re-
call that m7(Cy, Cs90) = 76/51, therefore by Lemma G is at most
10-degenerate. It follows that we can choose an ordering vy, ..., vy ) of
the vertices of G such that for 1 < < v(G) we have that degg, (v;) < 10,
where G; denotes the graph induced in G by vy, ..., v;.

We color G by induction on G;, 1 < i < v(G). As G; contains no edges
there exists a valid coloring of it. Consider G; for some 2 < i < v(G). By
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induction there exists a valid coloring for all edges induced in G; by G;_1,
and the only uncolored edges are those incident to v;.

If v; is not part of a copy of Cg 20 in G;, then we simply color all edges
incident to v; blue and are done. Similarly, if v; is contained in only one
copy of Cg 20 in G;, we color one of the edges contained in this copy of
Cs,20 red and all other edges incident to v; blue.

So assume that v; is contained in ¢ > 2 copies of Cg29. Consider the
subgraph H of Cg 99 induced by all edges incident to an arbitrary vertex
of Cg20. It holds that H contains 13 vertices and 7 edges, and that it
contains 2 vertices each of degrees 1 to 6 and one vertex of degree 7. We
call an edge in H an {-edge if the minimum degree in H of the vertices
it contains is ¢. There are a pair each of 1, 2 and 3-edges and one single
4-edge. We call the 1-edges of H the tail edges or tails, and the 4-edge the
center edge. Note that a tail and the center edge intersect in 4 vertices,
while the two tails intersect in exactly 1.

Now consider the £ > 2 copies of Cg 20 intersecting v; in G;. The subgraphs
of these copies induced by the edges incident to v; are copies of H and we
denote them by Hy,..., Hy.

Assume first that every H;, 2 < i < /, contains one of the tails or the
center edge of H1. Then we color both tails and the center edge of H; red
and all other edges incident to v; blue. This avoids blue copies of Cg 2
and does not create a red copy of C; either, as the minimum degree of
C} is 2 and its edges have pairwise intersections of size 5 or more.

So assume that there exists some H;, without loss of generality assume it
is Ho, which contains none of the tails nor center edge of H;. We claim
that coloring the two 2-edges of H; red achieves our goal. Note that these
two edges intersect in 3 vertices, so by the same argument as above these
cannot create red copies of C}. We claim that any other copy of H (and
thus of Cg 20) must intersect at least one of these red edges.

To prove this first note that v; is incident to at most 10 edges in Gy, 7 of
which are contained in H;. As by assumption Hs must have 3 edges which
are not contained in H; it follows that every edge incident to v; must also
be contained in Hy or Hs.

Consider now the set of 4 tail edges from H; and Ho, and let H; be some
copy of H which contains 0 < j < 4 of them.

The case j = 0 is not possible, as avoiding all 4 tail edges leaves only 6
edges which can be contained in H; instead of the 7 edges that are required.



76 Chapter 5. L. bounds for Ramsey prop. in random hypergraphs

If j =1 or j =2 then H; must contain all 6 resp. 5 of 6 non-tail edges. In
both cases it contains at least one of the red edges.

If j = 4 then H; contains two pairs of edges which intersect in exactly
one vertex. However H contains only one such pair (the tail edges), so H;
cannot be a copy of H.

It remains to deal with the case j = 3. Assume that the set of chosen
tail-edges contains both of those from H;. These two edges must also be
the tails of H;, as they intersect in 1 vertex and the only pair of edges to
do so in a copy of H are the tails. Further, if H; avoids both red edges,
it must contain every other edge of H; and additionally one tail and the
center edge of Hs. Given one tail of a copy of H it holds that the 6 other
edges intersect it in exactly 6,5,...,1 vertices. The intersections of one
tail of Hy with the edges also in Hy cover the cases 5, 4, 3 and 1. This
implies that the tail and center edge from Hs must take over the roles of
the missing red edges, which intersect a tail in 2 and 6 vertices respectively.
However in a copy of H these two edges intersect in 3 and not 4 vertices,
as is the case for the tail and center edge of Hs, which is a contradiction.

Assume now instead that H; contains both tail edges from Hy and only
one of H;. By the same argument as above we have that the two tails of
Hy are the tails of H;. Assume that H; does not contain the center edge
of Hy. Then it must contain 4 non-tail edges from H;. As there are only 3
non-red edges which are not tails in H; this is a contradiction. It remains
to deal with the case that H; contains both tails and the center edge ¢ of
H,. This implies that c is also the center edge of H; (by its intersections
with the two tails). By assumption H; avoids 1 tail and both 2-edges of
H, it must therefore contain all other 4 edges of H;. These are a tail edge
t, both 3-edges es, e}, and the center edge e4 of Hy. The intersection of
t with one of e3 or e (wlog: e3) consists of 3 vertices. As both ¢ and eg
are not tails of H; this implies that they must be its two 2-edges. This
however makes €4 the center edge of H;, as it intersects both ¢ and es in
5 vertices, and thus ¢ = e4. This is a contradiction as by assumption c is
not contained in Hj. O

5.7 Deterministic lemmas for the asymmet-
ric case

In this section we prove lemmas and
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We begin with the proof of Lemma [5.21

Let C* be any hypergraph in C*. Note that C* contains exactly one copy
of Cs 20 and several copies of Cj. As we use this fact many times in this
proof we omit writing “a copy of” or “the copy of” in front of each mention
of Cs 20 and Cz' , and trade a little formal correctness for readability. We
call the vertices of C* from Cg 20 the cycle vertices, while we refer to all
other vertices as outside vertices.

We first prove the following lemma, which deals with the case of H being
just the attachment edge in Lemma [5.21}

Lemma 5.24. Let C* € C*. Then

e(C*) -1 S 76

v(C*) =7~ 51°
Further the inequality is tight if and only if each of the 19 copies of C;
contains exactly 2 outside vertices and all of these are pairwise disjoint.

Proof. Let C* € C* and arbitrarily label the 19 copies of C; that are
attached to the 19 edges of Cg 29 as CZU ce C’Zlg. Define

i—1
H;, = C4+,1 N (06,20 U U CZJ)
j=1

(More precisely: H; is given by performing the intersection for both the
vertex and the edge sets.) Note that every H; contains at least one edge,
namely the one it shares with Cg 29. Set e; = e(H;) —1 and v; = v(H;) —7.
Recall that v(Cg20) = €(Cs,20) = 20 and v(C)) = 9, e(CJ) = 4. With
this we have

e(C*) =1 e(Co) =1+ 3,2, (e(CY) — e(H)))
oC) =T 0(Co20) =T+ 0.2, (0(CF) — w(Hy))
_ 19"’221( (ei+1 ) 76_21216%‘
B+ (9-(wi+7) 51—
This completes the claim in the case that v; = e¢; = 0 for all i. Note that

this corresponds to the case that the 19 copies of C’j all add two new
vertices and three new edges.

Note that by Proposition it suffices to show that if v; and e; are both
nonzero then e;/v; < 76/51. By construction, H; is a subgraph of C; .

(5.13)
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Complete enumeration of all possible easily shows that whenever v(H;) > 7
and H; # C; we have

e(H;)—1 e 76
— L = <1< —. 5.14
U(Hz) - 7 Uy - < 51 ( )

This thus completes the proof of the lemma if none of the H; is equal to
it

It remains to deal with the case that there exists some i, 1 < i < 19,
with H; = C’+ . In this case we say that H; is full. Let I := {1 < ¢ <

19| H; is full } We argue that if I is non-empty, then there exists some
jeA{l,...,19}\ I such that

M < E, (5.15)
vj+ 2iervi 51

which will complete the proof of the lemma.

To prove fix i € I arbitrarily. Let j < i be such that C}f ; introduces
the last edges and vertices that cause H; to be full, i.e. we choose j as the
maximum of {j. | e € E(H;) \ E(Cs,20)}, where 1 < j. < i is the lowest
index such that CZjﬂ contains e.

First assume that H; consists of just the edge of C4+,j shared with Cg 20.
In this case C4+,j adds two new vertices and three new edges which are
all not present in the preceding copies of Cj . This implies that all edges
e € E(H;)\E(Cs,20) have to be contained in H;, which implies Cij = Cjﬂ-.
However, as C4+, ; intersects Cs,20 in exactly one edge it must be the unique
copy matched to this edge, and CI i F C’I ;» which is a contradiction.
Next assume that v; = 1. Then H; misses one vertex of C’Ij. As the

minimum degree of C is 2, this implies that H; also misses at least 2
edges of CZJ" Thus, e; < 1 = v;. Finally, assume that v; = 2. As CZj
must introduce at least one new edge, we deduce also in this case that
ej =e(H;) —1<2=wv;. As |I| <19 one easily checks that

ej+ D ierei €5+ 3| < v + 3|1 - 1+ 3|1
VD ervi v+ 2l T ooy +2(1] T 1+ 2/

and we are done. O

As a second preliminary step we prove a lower bound on the number of
edges that are incident to outside vertices.
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Lemma 5.25. Let V be a subset of the outside vertices of C* and let
be the set of edges incident to V.. It holds that |E| > 3|V|.

Proof. All edges of C* are incident to either 0, 1 or 2 outside vertices, and
accordingly we refer to them as 0-, 1- or 2-edges. Note that by construction
each outside vertex has degree at least 2 and each is incident to at least one
l-edge. Let A C V be the subset of those vertices in V' which are incident
to at least two 1-edges, and let B = V' \ A be the remaining vertices. It
follows that E contains at least 2|A| + |B| many 1-edges. The number of
2-edges incident to B is at least |B|/2, as each edge is incident to at most
2 vertices from B. In total we obtain

18]
2
regardless of how V splits into A and B. O

3
|E| > 2|A| + |B| + > V],

With these tools at hand we can now prove Lemma [5.21]

Proof of Lemma[5.21] Lemma covered the case in which H consists
only of the attachment edge. For the remainder of the proof we thus
assume that e(H) > 1. We also assume that H is such that it minimizes

(e(C™) —e(H))/(v(C*) — v(H)).
If H C C* contains the entire copy of Cg 29, then V(C*) \ V(H) consists
only of outside vertices and Lemma thus implies that

o) —elH)
v(C*) —v(H)

If this is not the case then H avoids £ > 1 vertices of Cg 20. As H contains
the attachment edge, we know that ¢ < 13. It is easy to see that any
subset of size £ < 13 of the vertices of Cs 2o intersects at least £+ 6 edges
of Cg20. Consider now the hypergraph H’ that arises by adding the ¢
missing vertices from the Cs 20 and the edges incident to them. By the
minimality of H we have

e(C) —e(H) _ e(C") —e(H") _ (e(C7) — e(H)) — (e(H') —e(H))

v(C) —o(H) = v(C) —o(H) (v(C*) —v(H)) = £

(5.16)
Ase(H')—e(H)>{¢+6 and ({4 6)/¢ > 3/2 for all 1 < ¢ <12, it follows
that (5.16) can only hold if (e(C*) — e(H))/(v(C*) —v(H) > 3/2. This
proves the claim for all ¢ < 12.
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It remains to deal with the case of H avoiding 13 vertices of Cg 2. In this
situation H contains, besides the attachment edge, only outside vertices
of C* and edges which contain only outside vertices and vertices from the
attachment edge. Note that in particular H contains no copy of CZ‘ , as
such a copy would intersect Cg 29 only on the attachment edge, which is
not possible by the definition of C*.

Set V' := V(H)UV (Cs,20) and let E’ be the set of edges from C* induced
by V’. Let H' be the hypergraph with vertex and edge set V' resp. E’.
Note that e(H') > e(H) + 19 and v(H') = v(H) 4+ 13. Set ¢’ := e(H') —
e(H) —19.

By the minimality of H it holds that

v(C*) —v(H) ~ v(C*) —v(H')  v(C*)—v(H)—13

e(C*) —e(H) _ e(C?) —e(H') _ e(C") —e(H) — (19 +¢)

If ¢/ > 0, then (194 ¢')/13 > 3/2, and we are done by the same argument
as above.

It remains to deal with the case ¢/ = 0. Note that this case is only possible
if H avoids at least one outside vertex of every copy of Cz' , as a full set
of outside vertices together with the vertices of Cs 20 would induce the
corresponding copy of C in the construction of H' and imply e’ > 0.
Let v be an arbitrary outside vertex of H. Let C be any copy of C; in
C* containing v. By the above C must contain a second outside vertex
not contained in H. Let H” be the hypergraph obtained by adding v to
H' together with the 2 edges incident to it in C. It holds that e(H") =
e(H)+21 and v(H") = e(H) + 14. As 21/14 = 3/2 we are again done by
the same argument as above. O

We now prove Lemma [5.22] The proof is very similar to the symmet-
ric case, so we provide only a sketch highlighting the differences to the
symmetric case proof in Section |5.4

Let S be any grow sequence of length £, and S;, i < £ be a prefix of it. We
call a step F}, j <1, fully open in S; if it is a regular step which contains
193 = 57 open edges (i.e. every edge of a C;” not intersecting Cp 29) and
no other step Fjr, j < j° < 1, intersects any vertex of F; which is not in
the attachment edge of F;;. Note that 57 is the maximum number of edges
which can be open in any regular step.

By Lemma [5.12] attaching a regular step F; to G;_1 creates exactly one
new copy of Cg 20, namely the one contained in F; itself. To see this note
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that Cg 90 is strictly 7-balanced, and that v = 6. Any other copy of Cg 29
would thus have to have an edge intersecting the attachment edge of F; in
7 vertices, while still being distinct from it. This is a contradiction. By
Lemma all vertices of a regular step F; which are not contained in
the attachment edge have degree 2, and can therefore not be part of some
additional Cs 0.

This implies that attaching a regular step F; to G;_1 can close at most one
open edge: the one corresponding to the attachment edge of F;. With this
it is straightforward to check that an equivalent lemma as Lemma
holds with the bound of e(F) — 1 steps replaced by one of 57 consecutive
regular steps. The reason is that a fully open step has 57 open edges, and
every subsequent regular step closes one of them.

Similarly Lemma holds in our case with the bound in (5.10]) replaced
by

fo(S;) > reg(S;)- (1—%) —deg(S;)-v(C*) > reg(S;)- (1—%) —deg(S;)-58.

(5.17)
We obtain this by replacing the bound of e(F) — 1 which comes from
Lemma by the one of 57 we established above, and replace v(F) by
the maximum number of vertices in any C* € C*, which is 58. The proof
of the inequality is identical.

Let S be a sequence of length ¢ with at most d degenerate steps. Since S
reconstructs a closed hypergraph, it contains no open edges and in partic-
ular no fully open steps. It follows from (5.17)) that

58 - deg(S) > reg(S) - (1 - %)

It holds that reg(S) = ¢ —d — 1, and thus

56

584> (1 —d—1)- 2.

Solving for ¢ proves Lemma [5.22

5.8 Open problems

Our definition of Ramsey-density-obeying does not make it particularly
easy to check whether a given graph F' satisfies it or not. While in principle



82 Chapter 5. L. bounds for Ramsey prop. in random hypergraphs

it is “just” a finite enumeration problem, it may still be too large to carry
out. Ideally one would wish for a more effective way of proving that a given
hypergraph F is Ramsey-density-obeying, such as e.g. in the case of graphs,
where a finite list of not Ramsey-density-obeying classes of graphs exists.
We can prove [Thol3| that e.g. hypergraphs with high minimum degree or
high chromatic number are Ramsey-density-obeying, but so far we have not
found a complete characterization. In this context it is interesting to note
that every example of a not Ramsey-density-obeying hypergraph we are
aware of is either a path of length 3 (or its generalization to hypergraphs) or
“star-like”. By this we mean that there always is at least 1 vertex which is
shared by every edge. It may be that every strictly k-balanced hypergraph
with no vertex common to all edges is Ramsey-density-obeying, but we do
not have a proof for this. We also do not know if the converse holds in
some form.

Another open question is whether it is possible to have other different
“types” of thresholds for the symmetric Ramsey problem in hypergraphs.
In the graph case the possible thresholds are either given by not Ramsey-
density-obeying graphs (those with a small counterexample) or are “as
expected”. We have proved in Theorem that for hypergraphs there
is at least one additional type of threshold which is not determined by a
small and local counterexample, but which is also not “as expected” (i.e.
our asymmetric example).

As far as we know Theorem is the first non-trivial example of a
threshold for the asymmetric Ramsey game in hypergraphs. Except for
Lemma [5.21] the proof of it could fairly easily be generalized to at least
a much broader class of hypergraphs. However it seems that even for the
graph case such a statement is difficult to generalize.



Chapter

Balanced coloring games in random
graphs

In this chapter we examine the balanced Ramsey game in both its edge-
coloring and vertex-coloring version. We contrast it to the Achlioptas game
and find that for the vertex case they have the same threshold, while for
the edge case the thresholds differ. This is joint work with Reto Spéhel. An
extended abstract has appeared in [GS11], and the full version in [GS14].

83
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6.1 Introduction

6.1.1 The balanced Ramsey game

Recall that in the balanced Ramsey game we start with the empty graph
on n vertices, then in each step r new edges are sampled uniformly at
random from all non-edges and inserted into the graph. The player — we
call her Painter — has r colors at her disposal and must color these r edges
immediately subject to the restriction that each color is assigned to exactly
one of the r edges. Her goal is to avoid creating a monochromatic copy of
some fixed graph F' for as long as possible.

The typical duration of this game when played with an optimal strategy is
formalized by the notion of its threshold function No(F,r,n). Specifically,
we say that No(F,r,n) is a threshold function for the game (for a fixed
graph F' and a fixed integer r > 2) if for any function N(n) < Ny, Painter
can a.a.s. ‘survive’ for at least N steps using an appropriate strategy, and
if for any N(n) > Ny, Painter a.a.s. cannot survive for more than N steps
regardless of her strategy. Note that this defines the threshold function
only up to constant factors; therefore, whenever we compare two threshold
functions and e.g. say that one is strictly higher than the other this refers
to their orders of magnitude.

Standard arguments show that such a threshold function always exists for
games of this type (see [MSS09a, Lemma 2.1]). Therefore the goal when
studying these games usually is to determine their threshold function ez-
plicitly. In [MMSO07], Marciniszyn et al. determined the threshold function
of the balanced Ramsey game for the case when F is a cycle of arbitrary
fixed length, and r = 2 colors are available. For example, the threshold
of the balanced Ramsey game when F' = (3 is a triangle and r = 2 was
shown to be Ny(C3,2,n) = n8/5. More recently, Prakash et al. [PST09)
extended these results to an arbitrary number of colors r > 2. In particu-
lar, their work yields the first threshold results for the case where F' = K,
is a complete graph of size at least 4 (and r is large enough; specifically,
their result requires r > ¢).

6.1.2 The Achlioptas game

In the Achlioptas game we start with an empty graph on n vertices. In
each step, r edges chosen uniformly at random from all edges never seen



6.1. Introduction 85

before are revealed. The player has to choose exactly one of these edges
for inclusion in the graph; the remaining r — 1 edges are discarded. The
player’s goal is to avoid creating a copy of some fixed graph F' for as long
as possible. Note that this can be seen as a balanced Ramsey game with
relaxed rules such that the player only needs to worry about copies of F
in the first color and can ignore the other » — 1 colors. As an immediate
consequence, for any F' and r the threshold of the Achlioptas game is an
upper bound on the threshold of the balanced Ramsey game.

This game was first studied by Krivelevich et al. in [KLS09]. Miitze et
al. [MSTT11] recently determined the general threshold function of this
game, valid for any fixed graph F and any fixed integer » > 2. The
general threshold formula turns out to be considerably more complicated
than the preliminary results of [KLS09] suggest.

It follows from known results that if F' is e.g. a star or a path, the balanced
Ramsey and the Achlioptas game have different thresholds (see Section
for an example). However, for all non-forests F' where both thresholds
are known (i.e. for all cases covered by Prakash et al. [PST09]), the two
thresholds coincide, and so far it was unknown whether in fact the two
thresholds coincide for any non-forest F' and any r > 2. This question was
raised explicitly in Krivelevich et al. [KSS10]. We answer this question
negatively in this work.

Theorem 6.1. There is an infinite family of non-forests F for which, for
any fived integer v > 2, the balanced Ramsey game has a strictly lower
threshold than the Achlioptas game.

The simplest non-forest graph F' for which we show that the two online
thresholds differ consists of three triangles joined at a common vertex, cfr.

Figure [6.2(a)] on page [101}

Theorem is in contrast with known results on the offline problems cor-
responding to the two online games discussed here: As shown in [KSS10],
the two offline problems have the same threshold for ‘almost all’ non-forests
F, in particular for ‘most’ graphs of the infinite family from Theorem [6.1)\"

1The result is proven for all non-forests F that have a strictly 2-balanced subgraph
H # Ks.
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6.1.3 Vertex analogues

Both the balanced Ramsey and the Achlioptas game have a natural vertex
analogue, where the player is presented with r new wvertices (instead of
edges) in each step. At the start of these games, a random graph G(n,p)
on vertex set {vi,...,v,} is generated, hidden from the player’s view,
by including each of the (Z) possible edges with some fixed probability
p = p(n) independently. We assume that r divides n. In each step of the
game, the r next consecutive vertices are revealed, along with all edges
induced by the vertices revealed so far. Thus after i steps, the player sees
exactly the random edges induced by vy, ..., v

In the balanced Ramsey game the player has to assign each of r available
colors to exactly one of the r new vertices at each step, without completing
a (vertex-)monochromatic copy of some fixed graph F. In the Achlioptas
game, she has to select one of the r new vertices, and the r — 1 remaining
vertices are discarded along with all incident edges. Again the player’s
goal is to avoid creating a copy of some fixed graph F'.

In both cases we are interested in finding explicit threshold functions py =
po(F,r,n) such that (i) for any function p(n) < pg there is a strategy which
a.a.s. allows the player to color (resp. choose from) all n vertices without
creating a (monochromatic) copy of F', and (ii) for any p(n) > po every
possible player strategy a.a.s. fails to do so. (The mere existence of such
threshold functions can again be shown similarly to [MSS09al Lemma 2.1].)

Prakash et al. [PST09] proved results analogous to those discussed above
for the edge-coloring setting also for the vertex case. Moreover, also the
results of Miitze et al. [MSTTI] for the Achlioptas game translate with
minimal changes to the vertex setting, even though this is not made explicit
in their work. (We will elaborate on this in Section below and in
Section at the end of this chapter.) To sum up, in the literature the
vertex and the edge case of the two games are equally well understood,
and the known results for them are in complete analogy to each other.

As we shall see, this pattern breaks down in the general case: We prove
that in the vertex case the thresholds of the balanced Ramsey and the
Achlioptas game coincide for all graphs F’ and all 7 > 2. This is in contrast
with our result for the edge case given in Theorem [6.1

Theorem 6.2 (Main result). For all graphs F and all v > 2, the vertex
versions of the balanced Ramsey game and the Achlioptas game have the
same threshold.
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We give the explicit threshold formula of the two games in Section [6.2
below.

6.1.4 Organization of this chapter

Recall that the threshold of the (vertex) Achlioptas is always an upper
bound on the threshold of the (vertex) balanced Ramsey game. Hence to
prove Theorem it suffices to give an upper bound on the threshold of
the vertex Achlioptas game and a matching lower bound on the vertex
balanced Ramsey game.

In Section [6.2] we outline how the results of Miitze et al. [MSTTI] on the
edge Achlioptas game, including their upper bound proof, translate to the
vertex setting. The complete proofs for these results are given for reference
in the last section, as they follow their edge counterparts quite closely and
are not the main contribution of this work. In Section [6.3] we adapt
some key concepts from [MSTTI] to the vertex setting. In Section we
then use these to prove the desired matching lower bound for the vertex
balanced Ramsey game. Finally, we prove Theorem concerning the
edge case in Section [6.5

6.2 On the vertex Achlioptas game

In this section we adapt the formalism and the results of Miitze et al.
[MSTTI] from the edge to the vertex case. The proofs are very similar;
and we reproduce them in the last section. We also refer the reader to
[IMST11] for a more in-depth discussion of the intuition behind our thresh-
old formulas.

A (vertex-)ordered graph is a pair (H,w), where H is a graph, h := v(H),
and 7 : V(H) — {1,...,h} is an ordering of the vertices of H, conveniently
denoted by its preimages, 7 = (7~!(1),..., 771 (h)). In the context of the
vertex Achlioptas or balanced Ramsey game, we interpret the ordering
m =: (u1,...,up) as the order in which the vertices of H appeared in the
process, where uy, is the vertex that appeared first (the “oldest” vertex)
and u; is the vertex that appeared last (the “youngest” vertex). We denote
by II(V(H)) the set of all possible orderings of the vertices of H, and by

S(F):={(H,x) | HC FArecT(V(H))}
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the set of all ordered subgraphs of F. For some ordered graph (H,)
and a subgraph J C H, we denote by 7|; the order on the vertices of J
induced by 7. Given an ordered graph (H,7), 7 = (uq,...,up), we denote
by H \ {u1,...,u;} the graph obtained from H by removing the vertices
uq,...,u; and all edges that contain at least one one of these vertices. (In
other words, H \ {u1,...,u;} is the subgraph of H induced by the vertices
Uitl, ..., Up.) We use v € H as a shorthand notation for v € V(H).

For any graph H, we use the notations e(H) := |E(H)| and v(H) :=
|V(H)|. For any nonempty ordered graph (Hy,7), ® = (u1,us,...,us),
any sequence of subgraphs Ho, ..., H, C Hy with H; C Hy\{u1,...,u;—1}
and u; € H; for all 2 < i < h, and any integer r > 2 define coefficients
¢i = ¢;((Hy,m), Ha, ..., Hp, 1) recursively by

Cl =T,

Ut (6.1)
cii=(r—1)> ¢ligeny 2<i<h

j=1

(where 11y, eq,y = 1 if u; € Hj and 14,,cp,; = 0 otherwise), and set

h
dr*(Hl,Tr) .— Zi:l Cle(Hl)

max

Ho,...,Hy, ho N_1)
wzz:Hing\{?ul,...,’ui,l}/\uieHi 1+ Zz=1 Ci (U(Hl) 1)
(6.2)

Furthermore, we set for any integer r > 2 and any nonempty graph F,

m'(F) := Weé?‘l/r%F))gIr}%)%d (Hy,7|gy)- (6.3)

With these notations and definitions, the main result of [MST11] translates
to the following statement for the vertex Achlioptas case:

Theorem 6.3. Let F' be a fized nonempty graph, and let r > 2 be a fized
integer. Then the threshold of the vertex Achlioptas game with parameters

F andr is
po(F,r,n) = pY/m7(F),

In particular, if p(n) > n=Vm7E) the player a.a.s. loses the vertex
Achlioptas game with parameters F' and r, regardless of her strategy.

As discussed in the introduction, this result also yields an upper bound
of n=/m""(F) on the threshold of the vertex balanced Ramsey game with
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parameters F' and r. We will prove a matching lower bound in the next
section. We now present an alternative formulation of Theorem that
is more convenient for this lower bound proof. Again we refer to [MST1I]
for a discussion of the advantages of this alternative viewpoint.

Given an ordered graph (H,7), m = (u1,...,upn), we use H \ uy as a
shorthand notation for H \ {u;}, and 7 \ u; as a shorthand notation for
7| i\ {u,}- As usual we denote for u € V(H) by degp(u) the degree of u
in H.
For a fixed integer » > 2 and a fixed real value 0 < 6 < 2 we recur-
sively define for any ordered graph (H, ), m = (u1,...,us), the following
quantity:
0, if v(H) =0
L (Ao (H \ 7w\ ) = 0 - deggg(un) )

(= 1) - min (Ang(J\ ur, ) = 0 - deg, () )

ur€J

)\r,Q(Hv 7T) =

otherwise.
(6.4)

We further define for r and 6 as before and any F' the quantity

A o(F) = WGIIII%?/)({F)) ;Inglrl}“ Aro(H, m|g). (6.5)

It is straightforward to check that as a function of 6 for a fixed r and a fixed
nonempty graph (H,w) respectively F, both A\, ¢(H,7) and A, ¢(F) are
continuous, piecewise linear with integer coeflicients, and non-increasing.
Furthermore, both functions have a unique rational root.

Analogously to [MSTII] one can prove:

Theorem 6.4. Let F' be a fized nonempty graph, and let r > 2 be a fized
integer. Let 0* = 0*(F,r) be the unique solution of

Aro(F) =0,

where A o(F) is defined in (6.4) and (6.5). Then we have

1
% F =
") =
Consequently, the threshold of the vertex Achlioptas game with parameters
F and r can be written as

po(F,r,n) = n= 0" (Fr)
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6.3 r-matched graphs

In this section we adapt some key notions concerning r-(edge-)matched
graphs introduced in [KSS10] and [MSTTI] to the vertex setting studied
here. We will need these concepts in our proof of a lower bound on the
vertex balanced Ramsey threshold.

Definition 6.5 (r-matched graph). An r-(vertex-)matched graph G =
(V,E,K) is a (simple, undirected) graph with vertex set V and edge set
E together with a partition IC of V into sets of size r, the r-sets. With
k(G) := |K| = |V|/r we denote the number of r-sets of G. We refer to
the (non-r-matched) graph G' = (V, E) as the underlying graph of G.

We extend standard notions like graph isomorphism, subgraph contain-
ment etc. to r-matched graphs in the obvious way.

Recall that the vertex Achlioptas and vertex balanced Ramsey game is
played on a binomial random graph G(n, p) on vertex set {vy,...,v,} that
is initially hidden from the player’s view and revealed r vertices at a time.
We denote by G; the graph induced by {vi,...,v;-} (i.e. the graph visible
to the player after i steps), viewed as an (uncolored) r-matched graph with
partition K = {{v1,..., v}, {vry1,. ., 020 }s oo {vG—1)r41s -5 Vi } ) In
particular, G,,/, is the random graph G(n,p) generated before the game
starts, viewed as an r-matched graph with the obvious partition. We de-
note a generic instance of such a random r-matched graph by G"(n,p) in
the following.

In our lower bound proof we will need the following simple lemma.
Lemma 6.6. Let 7 > 2 be a fixed integer, and let F be a fixed r-matched

graph with at least one edge. Then the expected number of copies of F' in
G"(n,p) is ©(n"Fpeth),

Proof. There are (:(/;)) -0(1) = O(n*)) possible occurrences of F in

G"(n,p), and each of them appears with probability p¢(*). O
For r > 2, any r-matched graph F and 0 < 0 < 2 let
pro(F) :=kK(F)—0-e(F). (6.6)

Note that, by the above lemma, for p := n~? the expected number of

copies of F in G"(n,p) is of order ntro(F),
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6.4 A matching lower bound on the vertex
balanced Ramsey threshold

In this section we prove the main contribution of this work, a lower bound
on the threshold of the balanced Ramsey game that matches the upper
bound given by Theorem [6.3} In view of Theorem [6.4] it suffices to prove
the following statement.

Theorem 6.7. Let F' be a fized nonempty graph, and let r > 2 be a fized
integer. Let 0* = 0*(F,r) be the unique solution of

Aro(F) =0, (6.7)

where A,.g(F) is defined in (6.4) and (6.5). Then for all p < n~=?" there
exists a strategy such that Painter can a.a.s. win the vertex balanced Ram-
sey game with parameters F and .

We now describe the general coloring strategy for which we will prove
Theorem [6.7] The strategy is a natural extension of the one proposed
in [MSTII] for the (edge or vertex) Achlioptas game; and we use very
similar notations and conventions in the following. Note however that the
analogous extension of the edge Achlioptas strategy fails to yield a similar
lower bound, cfr. Theorem and its proof in Section [6.5

Crucially, our strategy keeps track of the order in which copies of sub-
graphs appear on the board. We say that the board contains a (monochro-
matic) copy of (H, ), m = (u1,...,up), if it contains a (monochromatic)
subgraph isomorphic to H whose vertices appeared in the order specified
by 7 (with up, being the first and u; being the last vertex to appear).

Let 7 > 2 and 0 < 6 < 2 be arbitrary but fixed. (Eventually we will set
0 = 0*(F,r), but for the moment it is more convenient to work with an
arbitrary 0.) We denote with C' the set of available colors. Consider a
fixed step of the game, and let R denote the r-set presented to the player
in that step. (We have R = {v(i_1)r41,..., v} for some i, 1 <i < n/r.)
Painter’s decision in this step can be formalized as choosing a perfect
matching in the complete bipartite graph B with parts C' and R, where
each edge corresponds to assigning a color to a vertex. We say that a
perfect matching M closes a copy of some graph (H,w) € S(F) if coloring
R according to M creates a monochromatic copy of (H,7) on the board
(clearly, then the last vertex of H according to 7 is in R).
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Painter’s strategy now is the following: She partitions B into r disjoint
perfect matchings M, ..., M, arbitrarily. (By an easy application of the
marriage theorem, this is always possible.) For each of these matchings
she determines the value

d(M) := min{)\r,g(H, )| (H,m) € S(F) A M closes a copy of (H, 7r)}7
(6.8)
and chooses the matching for which this value is maximal.

If there is not a unique maximum, ties are broken according to the following
somewhat technical criterion. Consider the directed graph G = G(F') with
vertex set S(F') and arcs given by proper (ordered) subgraph inclusion;
i.e., from every vertex (H,w) there are arcs to all vertices (J,m|;) with
J € H. Clearly, G contains no directed cycles. We extend G to a graph
G' = G'(F,r,0) by first connecting every pair of distinct vertices (Hy, ),
(Hga,mg) for which A, o(H1,m1) = A g(Ha, ) with an (undirected) edge,
and then orienting these additional edges in such a way that the directed
graph G’ remains acyclic. (It is easy to see that this is always possible.)
Note that for every fixed Ay € R this yields a total ordering on all graphs
(H,m) with A\ g(H,7) = A\g. We say that (Hy,m) is higher than (Hz,ms)
in this ordering if the corresponding arc in G’ is directed from (Hyp, ) to
(I’IQ7 7T2).

Our strategy breaks ties according to this ordering: Whenever we have
a choice between different perfect matchings with the same value d(M),
then for each such matching we consider the set of ordered graphs

J(M) = argmin{\, g(H,m) | (H,7) € S(F') A M closes a copy of (H,m)}

(6.9)
and, among these, we let J(M) € J(M) denote the graph that is lowest
in the total ordering for Ao := d(M). Then we select the matching M for
which J(M) is highest in the total ordering for Ag.

The next lemma states a witness graph invariant that is crucial in our
proof of Theorem Note that the statement of the lemma is purely
deterministic.

Lemma 6.8. Let r > 2 be an integer and 0 < 0 < 2 be fized. Following
the above vertex coloring strateqy ensures that the following invariant is
maintained throughout the game for some Vmax = Umax(F,7,0):

The graph G; contains a copy of some r-matched graph K' with v(K') <
Umax and
:u’!‘,@(K/) < 07
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or for every (H,m) € S(F) we have that each monochromatic copy of
(H,m) on the board is contained in an r-matched subgraph H' of G; with
V(H'") < Umax and

fro(H') < Ao (H, ), (6.10)

where pro() and Ay () are defined in and (6.4), respectively.

We postpone the proof of Lemma and show first how it implies Theo-
rem

Proof of Theorem[6.7] Let 6* = 6*(F,r) be defined as in the theorem. We
show that the above strategy for 6 := 6* allows Painter to win a.a.s. for
all KL po(ra F7 TL) = n_9*~

By the definition of 6* (cf. and (6.7)) we have that for each possible
ordering 7 of the vertices of F' there exists some pair (H,7|y) € S(F) such
that A g« (H,7|g) < 0. According to Lemma the following holds for
each such (H,7|g): If the final board contains a monochromatic copy of
(H,n|m), then G,/ contains an r-matched graph K’ of size at most vmax
and g, ¢« (K') < 0, or an r-matched graph H’, again of size at most vmax,
satisfying
Hor, 6% (Hl) < )\7‘,0* (Ha 7T|H) <0.

This yields a family W = W(F,x,r) of r-matched graphs W’ satisfying
w(W') <0 and v(W’) < vpax such that, deterministically, G, /. contains a
graph from W if the final board contains a monochromatic copy of (F, )
(and hence also a copy of (H,7|g)). It follows that G,/ contains a graph
from W* = W*(F,r) := Urenpr)W(F, 7, r) if the final board contains
a monochromatic copy of F. Moreover, as no graph in W* has more than
Umax vertices, the size of W* is bounded by a constant depending only on
Fandr. As G/, is distributed as a random r-matched graph G (n, p), we
obtain with Lemmal[6.6] the definition of s, ¢+() in (6.6), and the fact that
piro-(W') <0 for all W’ € W*, that for p < n=% the expected number
of copies of graphs from W* in G, , is of order

Z W )peW') Z nhro(W') < W+ -n® = 0(1).
W’ew= Wrew=

It follows from Markov’s inequality that a.a.s. G,/ = G (n, p) contains no
r-matched graph from W*. Consequently a.a.s. the final board contains
no monochromatic copy of F'. O
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For the proof of Lemma we require the following technical lemma con-
cerning the minimization in the definition of A, ¢(). The proof is straight-
forward and analogous to [MST11], Lemma 10].

Lemma 6.9. Letr > 2 be an integer, 0 < 0 < 2 fized, and let F be a family
of ordered graphs with the property that if some (H,m), m = (u1,...,up),
is in F then for every subgraph J C H with uy € J also (J,w|s) is in F.
Then for Arg() as defined in we have

argmin A, o(H,7) = arg min()\,.ﬂ(H \up,m\up)—0- degH(u1)> CF,
(H,m)eF (H,m)eF

) (6.11)

and all ordered graphs (J,7), ©* = (G, ..., 4;), in the family (6.11) satisfy
Ao (J,7) =147 (Arg(J\ tin, 7\ @n) — 0 - deg j(i1)). (6.12)

[

It remains to prove Lemma [6.8

Proof of Lemma[6.8 To simplify the notation we drop the subscripts from
Arg and pre and write A and p instead. For the reader’s convenience,
Figure illustrates the notations used throughout the proof. Let

e=c(F,r,0) = min{|)\(H1,7r1) — M(Ha, )| | (Hy,m1), (Ha, ) € S(F)

ANNHy,m) # A(H2,7r2)}
(6.13)

and

Umax — Umax(Fa T, 9) - T(U(F)T/E+1)‘S(F)|+2 . ’U(F) +7r (614)

We prove the lemma by induction on the number of steps in the game. We
show that the statement about graphs (H,w) € S(F) is true as long as the
currently revealed graph G; does not contain an r-matched subgraph K’
with v(K’) < vmax and p(K’) < 0. Once such a subgraph K’ appears we
are done as it will remain in the game to the end.

After the first step Painter has assigned a color to r vertices and the
inequality (6.10) is trivially satisfied: In each color we only have a single
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771-)

(H
T(H') /

(H\uy, m\u1) (Jo\wa, mo\wa) - (J\w, T-\w;)

R PN I VA

Figure 6.1: Notations used in the proof of Lemma The arcs of T(H')
drawn grey are either grey or red in the proof.
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vertex, which has a A-value of 1 according to (6.4). Each of these vertices is
contained in the r-matched graph induced by the first r-set, whose u-value

is at most 1, see .

Consider now an arbitrary step of the game, and denote with M, ..., M,
the matchings Painter considered in this step, where w.l.o.g. M; is the
matching Painter chose. Assume that M; completed a monochromatic
copy of (H \ ui,7 \ u1) to a copy of (H,r) (where u; denotes the first
vertex of 7). Let J be some graph in arg min ;g ., e7 A(J,7]7), and note
that M also closed a copy of J. For 1 <i <, let (J;,m;) := J(M;) as in
the definition of our strategy after . By definition (Jq, 1) minimizes
A() over all monochromatic ordered graphs in S(F) that are closed by Mj,
see . Furthermore, since Painter preferred M; over the alternatives
we have A(J1,m1) > A(J;, m;), 2 < i <r. Taken together it follows that

AJ,

f) > )\(Jl,7r1) > /\(J7,77T7,) for 2 < ) <r. (615)

Note that H, J or J; might be the same graph.

For 1 <i < r, let w; denote the youngest vertex of .J; according to m;; i.e.,
m; = (w;,...). Again by the definition of our strategy the graphs (J;, m;)
minimize A() among all graphs that are closed by M;, 1 < i <r. As for
each index 7 the family of these graphs is subgraph-closed in the sense of
Lemma it follows that

(i mi) = 17 (A wi,m \ wi) = 6 - deg, () )
Similarly, Lemma [6.9] also yields that
Mol = 1 (A Nl = 6 degp(u)).

Applying these transformations to equation (6.15]) yields that for 1 <i <r

)\(j\ul,ﬂ"j\ul) —6- degj(ul) > /\(Jl\wl,m\wz) —6- dngi (wz) (616)

The copy of (H\u1,m\u1) on the board is monochromatic and by induction
must be contained in some r-matched graph Hj satisfying equation (6.10)),
ie.

p(HY) < MH \ug,m\ uy) - (6.17)

Similarly, the copies of (J; \ w;,m; \ w;) that are completed to copies of
(Jiym;), 2 < i < r on the board are also monochromatic, and hence they
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are contained in r-matched graphs Jj, ..., J. with
w(JD) < ANJi \ wi,m \w;) for 2 <i<r. (6.18)

By induction all these graphs contain at most v,y vertices. We can also
assume that p(H1) and p(J3), ..., u(J)) are all non-negative, as otherwise
we have found a graph K’ with p(K’) < 0 and v(K’) < vpax and are
done. We will argue later that if the p-values under consideration are
indeed non-negative, even stronger bounds on the number of vertices hold;
specifically, that

!/
U(Hll) < Vmax/7T — 1 | (6.19)
v(J}) < Vmax/r —1 for 2 <i<r.
We now construct an r-matched graph H’ for (H,7) satisfying the con-
ditions of the lemma. Denote with F; a set of edges that completes the
considered copy of (H \ uy,m \ u1) to a copy of (H,w) (where the ver-
tex corresponding to wy is in R and |E;| = degy(w1)). Similarly, for
2 < i < r denote with F; a set of edges that completes the considered
copy of (J; \ wy, m; \ w;) to a copy of (J;, ;) (where the vertex correspond-
ing to w; is in R and |E;| = deg; (w;)).

Let H' be the r-matched graph obtained by the union of Hy, J; and R
together with all the edges in F;, 1 < ¢ < r. Formally, we set

V(H"):= RUV(H]) U LTJ V(J))
i=2
E(H'):= E(H))U O E(J))U LTJ E;
i=2 i=1
K(H") :={R}UK(H;)U LTJ K(J}) .
i=2

This is again a well-defined r-matched graph: All r-sets in Hi, J/ (2 <i <
r) and {R} are also r-sets of the current game board. As such they are

either equal or disjoint. Further V/(H’) is indeed the union of all r-sets in
K(H'), and contains the endpoints of all edges in E(H’).

Note that by (6.19) it follows that v(H') < vmax.

The r-matched graphs Hy, Jj, ..., J! are all formed by r-sets that appeared
before R in the process and are therefore vertex-disjoint from R. In partic-
ular, they do not contain any edges from Eji, ..., E,. Furthermore, the sets
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Ey, ..., E, are pairwise disjoint: if two such sets E;,, E;, involve the same
vertex from R, then together with this vertex they complete monochro-
matic copies of graphs (J; \ w;, m; \ w;) in two different colors to copies of
(J;,m;); i.e., the endpoints of the edges in F;,, E;, outside R are in two
different colors and are therefore distinct.

We define the r-matched graphs

i—1
Kl{:J{ﬂ(H{UUJJ'-) for2<i<r.
j=2

With the above observations and the definition of u() in we obtain
that

p(H') =1+ p(Hy) — 0 - degp (ur)

32T = - deg (w) = D" (KD, (6.20)

=2

We can assume that all y(K]) are non-negative, because if this is not the
case we have found a graph K’ with u(K’) < 0 and v(K’) < vmax and are
done. With this observation and (6.17)), (6.18)) we obtain that

p(H') <1+ MH \up, 7\ u1) — 0 - degp (ua)

+ Z(A(Ji \ wi, m; \ w;) — 0 - deg, (w;)).

Combining this with equation (6.16]) yields
p(H) <14+ MH\up,7m\ur)—0-degy(ur)

+(r—1)- (A(J \ g, 7l jy,,) =0 deg‘;(ul)), (6.21)

By Lemma and our choice of J the right hand side of the above equation
equals A(H, ) as defined in (6.4); i.e., we have

u(H') < X(H, )

as desired.

It remains to prove that equation (6.19) holds. It suffices to show that
given u(H') > 0 we have v(H') < vpax/r — 1.
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In the above argument we constructed H' from copies of H{ and J, or
in other words from graphs constructed equivalently to H' in prior steps
of the induction from (H \ uy,nw \ u1) and (J; \ w;, m; \ w;). To analyze
this construction we associate it with an edge-colored directed rooted tree
T(H') (cf. Figure [6.1). The vertices of T(H’) correspond to monochro-
matic copies of graphs from S(F) on the board of the game (the same
copy may appear as a vertex multiple times). If (H, ) consists of a single
vertex, then 7T (H') consists just of the copy of (H, ) as the root. If this is
not the case, then 7 (H’) consists of the copy of (H,7) as the root vertex
joined to r subtrees T(Hj) and T(J!), 2 < i < r. The subtree T (H]) is
connected to the root by a black arc and every 7 (J}) is connected to the
root by either a grey or red arc according to the following criterion: Each
such arc corresponds to an instance of the inequalities in somewhere
along the induction. The arc is grey if both inequalities are tight, i.e., if
A, 7| ;) = A(Ji, ;). If on the other hand at least one of the inequalities is
strict, i.e., if A(J, 7| ;) > A(Ji, m;), then the arc is red. All arcs are oriented
away from the root. Note that T (H') captures only the logical structure
of the inductive history of H'. Overlappings (captured by the graphs K

in (6.20)) are completely ignored.

Every red arc of T(H') corresponds to a strict inequality in . In
this case, as a consequence of Lemma [6.9] equation is also strict,
with a difference of at least e/r (cf. (6.13])) between the right and left side.
Consequently, each red arc contributes a term of —e/r to the right side
of in the corresponding induction step. Accumulating these terms
along the induction yields that

w(H"Y < XNH,m)—L(H")-¢/r, (6.22)
where ((H') denotes the number of red arcs in 7 (H’).

Note that A(H,7) < v(F) for all (H,7) € S(F). Thus if u(H') > 0, then
by the tree 7 (H') has at most A\(H, 7)r/e < v(F)r/e many red arcs.
We will show that, due to our tie-breaking rule involving the auxiliary
graph G’, this bound on the number of red arcs implies the claimed bound
of Umax/r — 1 on the number of vertices of H'. To that end, we first show
that if two vertices of T(H') are connected by a (directed, i.e. descending)
path P that contains no red arcs, then these two vertices correspond to
copies of different ordered graphs (Hy,m ), (Ha,m) € S(F).

Consider such a walk between two vertices (Hy,m1) and (Ha, 7). We can
map P to a directed walk P’ in G’ as follows. The initial vertex of P’ is
(Hy,m1). For each black arc in P from a copy of some (H,w) € S(F) to a
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copy of (H\uy,m\uy) we extend P’ by an arc from (H, ) to (H\uy, 7\ u).
This arc exists in G’ by subgraph containment. For each grey arc in P from
a copy of some graph (H, ) to a copy of some graph (J; \ w;, m; \ w;) for
some 2 < i < r, we have

ANH, 7) > MJ, 7| ;) = M1, m1) = A Ji, m0). (6.23)

In G’ we can then walk between the first two graphs in the above equation
(assuming that they are different) because the second is contained in the
first. Further we can walk from the second to the third because (Jy,71) =
J(Mjy), and therefore by definition it must be lower in the ordering than
(J, x| 7). see the text just after (6.9). The walk between the last two
graphs in is possible because Painter chose the matching M7, and
by our tie-breaking criterion this means that (Jy,7;) = J(My) is higher
in the ordering than (J;,m;) = J(M;). The last arc between (J;, m;) and
(J; \ wi, ™ \ w;) is in G by subgraph containment. We extend P’ by all
these arcs as well (if any two subsequent graphs in this walk are the same,
then the corresponding step in the walk is skipped). Proceeding in this
manner we obtain a directed walk P’ in G’ from (Hy,m ) to (Ha,m). As
G’ is acyclic we must have (Hy,m ) # (Ha, 72).

It follows that a (directed) path in 7 (H’) that contains no red arcs has at
most |S(F')| many vertices. Since in total we have at most v(F)r/e many
red arcs in T (H’), it follows that the depth of T(H’) is bounded by

(v(F)r/e+ DIS(F)]
and that consequently
o(T(H')) <1+7r+ r2 4 /e DIS(E)] < o (v(E)r/e+ 1) S(F) 41

Since each vertex of T(H') corresponds to at most v(F) vertices of H' we
finally obtain that

(6.14)

’U(H/) < T(U(F)7-/5+1)|S(F)|+1 . U(F) - Umax/r —1.

O

Remark 6.10. The reader might wonder where exactly an attempt to ex-
tend the edge Achlioptas lower bound proof in the same way fails. The
issue arises with the definition of the graphs K| that capture possible over-
laps of the r-matched graphs HY,J5, ... J.. In the edge case it is not
possible to define these in such a way that the analogue of holds.
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(a) The graph C33 (b) The graph C’;Jg (¢) The graph C’g,*?,, with its
center star dashed

Figure 6.2: A graph with different thresholds for the Achlioptas and the
balanced Ramsey game.

6.5 The edge case

In this section we prove Theorem [6.1] our separation result for the edge
case.

As already mentioned, it is not hard to see that the Achlioptas game and
the balanced Ramsey game have different thresholds for certain forests.
The simplest example is the case where F' is the star with three rays and
r = 2: By the pigeon-hole principle, in the balanced Ramsey game the
player will lose the game as soon as the board contains a star with five
rays, which by a standard result a.a.s. happens after ©(n?~%/%) = @(n*/?)
many steps (see e.g. [JLROO, Section 3.1]). Thus the threshold of the
balanced Ramsey game is bounded from above by n*/5. In the Achlioptas
game with the same parameters on the other hand, stars on 5 edges are
not an issue, as typically the player can simply choose not to pick more
than 2 edges out of each such star. Specifically, the results of [MSTTI]
yield a strictly higher threshold of n%/7 for the Achlioptas game.

As it turns out, similar pigeon-hole problems as in the star example may
arise for more complex graphs as well. The simplest such example is given
by the graph Cs 3 consisting of 3 triangles joined at one vertex, see Fig-
ure The results of [MSTTI] yield a threshold of n?=22/35 = p1:371.
for the Achlioptas game with this graph and » = 2. As we will see, the
threshold of the corresponding balanced Ramsey game is at most n!-36.
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The reason is that, regardless of the strategy Painter uses, many copies of
the graph C§§ colored exactly as in Figure will appear relatively
early in the game. Once all 5 edges drawn dashed in Figure have
appeared in such a copy, by the pigeon-hole principle Painter will have cre-
ated a monochromatic copy of F = Cs3. As C3% has 16 vertices and 25

edges, the upper bound resulting from this argument is n?=16/25 = 136,

We will show that this argument generalizes to any graph F formed by
some number of cycles of the same length joined at a common vertex, and
to any number r > 2 of colors.

Definition 6.11. Let C;, denote the graph obtained by joining k cycles
of length ¢ at one common vertex.

We will prove:

Theorem 6.12. For all integers £ > 3, k > 3, and r > 2, the threshold of
the the balanced Ramsey game with parameters Cp ) and r is strictly lower
than the threshold of the Achlioptas game with the same parameters.

We first give an upper bound on the threshold of the balanced Ramsey
game with parameters Cyj and r. To do so we will use an offline result
that is very similar and can be proved completely analogously to [KSS10,
Theorem 15] for the Achlioptas case. For any graph F' with at least one
edge, we let )
e(H) -1

ma(F) = Hgglﬁjff)zs v(H) -2 (6.24)
if v(F) > 3, and mo(F) = 1/2 otherwise (i.e., if F = K»3). By G"(n, m) we
denote a random r-edge-matched graph obtained by sampling a random
graph G(n,m) on n vertices with m edges uniformly at random, and then
partitioning the m edges into sets of size r uniformly at random (we assume
that m is divisible by ). Note that by symmetry the board of the edge
Achlioptas or balanced Ramsey game after m/r steps is distributed exactly
like G"(n,m). A balanced coloring of G"(n, m) is an edge-coloring that uses
each of the r available colors for exactly one edge in each r-set. Note that
in the balanced Ramsey game, the goal is to find such a balanced coloring
in an online setting. The following theorem concerns the same problem in
an offline setting.

Theorem 6.13. Let F be a fixed graph with at least one edge, and let c :
E(F) = {1,...,r} be an arbitrary edge-coloring of F. There exist positive
constants C = C(F,r) and a = a(F,r) such that for m > Cn2~1/m2(F)
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with m < n?, a.a.s. every balanced coloring of G™(n,m) contains at least
an® ) (m/n?)*F) many copies of F colored as specified by c. O

We now prove the desired upper bound on the balanced Ramsey threshold

for the graphs Cy .

Lemma 6.14. For all integers £ > 3, k > 3, and r > 2, the threshold for
the balanced Ramsey game with parameters Cyj, and r is at most

g (r=) 4 D) (r(k—1)+1)+1
NUB_bal(g, k,r, n) =n (r@—DF 1) (r(k—D+1)

Proof. Consider the graph obtained by joining one endpoint of r paths of
length ¢ — 1 in one common vertex and the other endpoint of each in a
second common vertex. We call this graph a petal and the two vertices
in which all paths meet the endpoints of the petal. We will refer to the
non-edge connecting the two endpoints of a petal as the missing edge of
that petal. Let ngg denote the graph obtained by joining one endpoint of
k* := r(k — 1) + 1 many petals at a common vertex. We say that a copy
of C’Z‘}g on the game board is properly colored if the two endpoints of each
of its petals are connected by a path (of length ¢ — 1) in each color. See
Figure for an example of a properly colored C’g‘g The center star
of a copy of CZI is the graph obtained as the union of all missing edges of
the petals of CZJ,Q. We denote with C77 the union of CZZ and its center

star, cfr. Figure|6.2(c)| Clearly, we have 7

e(Cph) = e(Cpp) + k= (r(t = 1) + 1) (r(k = 1) + 1),
o(Ci3) =v(Cpf) = (r(t=2) + D(r(k = 1) + 1) + 1.

Let d* := e(C}l)/v(CZ@, and note that Nyp.pai(¢, k,7,n) = n>~ 1/,

It is not hard to check that mo(C) L) = (r(¢ — 1) — 1)/(r(¢ — 2)) (the
maximum in (6.24]) is attained by a single petal of C’;)'};), and it is also
quite straightforward to verify that this quantity is strictly less than d*.

Let now N > Nyp.pa = n2=1/4" with N < n? be given, and assume
w.lo.g. that N is even. Set p := nrN/n?. Observing that N > p2-1/d" >

n2_1/m2(cﬁ), we obtain with Theorem that a.a.s., after N/2 steps of
the balanced Ramsey game the board contains

a(C’;')',t,r) . n”(cﬂ)pe(cfrpQ_G(C;t) = M’
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many properly colored copies of C’;L regardless of Painter’s strategy. Fur-

thermore, the expected number of copies of C};j; (ignoring any coloring)
in which at least one edge of the center star is already present after N/2
steps is O(M'p) = o(M’). Tt follows with Markov’s inequality that after
N/2 steps a.a.s. there are at least M := 0.99M’ properly colored copies
of C’fk‘ such that in each of these, none of the edges of the center star is
already present.

Let C) - Uy C)F denote the union of two copies of C;F which intersect in
a graph J and whose (missing) center stars intersect in a nonempty graph
Js. Further let J* := J U Jg. Let the random variable M; denote the
number of copies of C’;j; Uy C’ﬂ; (ignoring any coloring) contained in the
game board after the first N/2 steps. We have

E[M;] = ©(n2*(Cel)—v(),2e(Ci D) —e())
@( 2U(C )26(022))717’0(;])1)76(.]) (625)
= QM) v ) pelI ) FelJs)

where in the last step we used that e(J*) = e(J) + e(Js).

Note that C77 is a balanced graph, i.e. for all subgraphs H C C73, with
v(H) > 1 we have e(H)/v(H) < e(C}%)/v(C;%) = d*. This holds in

particular also for H = J*. As p > n=14" it follows that n*¢" petT7) =

)

w(1). Hence by Markov’s inequality we obtain from (6.25)) that a.a.s.
M = o(M?)pels) (6.26)

(i.e., for an appropriate function f(n) = o(1) a.a.s. it holds that M; <
f(n)M?pt79)),

For the remaining N/2 steps of the game we condition on having at least M
properly colored copies of Cg » Whose center star edges are not already

present, and on M; being as above for all J C C}}: As the number
of graphs J is a constant depending only on k, ¢, and r, a.a.s all these
properties hold simultaneously after N/2 steps. Using the second moment
method, we will show that in the remaining N/2 steps, a.a.s. in at least
one of the properly colored copies of C’Z“}; all edges of the center star will
appear. Clearly, this then forces Painter to complete a monochromatic
copy of Cy; by the pigeon-hole principle.

Fix a family of exactly M properly colored copies of CZ"IZ (say the lexi-
cographally first ones; w.l.o.g. M is an integer), and let Sy, ..., Sy denote
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the (not necessarily distinct) center stars of these copies. For each S; let
Z; denote the indicator random variable for the event that the £* edges of
S; will appear in the remaining N/2 steps of the game. Let Z denote the
sum over all Z;. As the rN/2 random edges revealed in the second half
of the game are distributed uniformly among the () — rN/2 edges never
seen before, we have

((g)er/QZk*)
E[Z)] = M = 0("")

rN/2

for all 4, and hence
E[Z] = @(Mpk*) _ G(HU(CZ‘t)pe(CZIH‘k*) _ @(nv(c,f’*k)pe(C[;)).

By our choice of N this quantity is w(1).

It remains to establish concentration of Z via the second moment method
— it then follows that Z > 1 a.a.s., which as discussed implies that Painter
loses the game. We have

M
Var[Z] = > (B[Z:Z;] - E[Z]E[Z;]) < > M;-0(p* —9)
i,j=1 Jcept
e(Js)Zl
=N o) = o(B[Z]?)
Jccr
e(Js)>1

The last equality follows from the fact that the number of possible choices
for J is a constant depending only on k,¢ and r. This concludes the
proof. O

We conclude the proof of Theorem [6.12] by deriving a lower bound on the
Achlioptas threshold for the graphs Cy ) from the general formula given
in [MSTTI].

Lemma 6.15. For all integers £ > 3, k > 3, and r > 2, the threshold for
the Achlioptas game with parameters Cy i and r is at least

g_ (r@=2)4 D)k —1)4r-1
Nrpacn(l k,r,n) =n (r=D4D (k-1
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Proof. For the reader’s convenience we reproduce the general edge Achliop-
tas threshold formula here. For notational details we refer to [MSTTI].
For any nonempty edge-ordered graph (Hy,w), m = (e1,...,ep), any se-
quence of subgraphs Hs, ..., H, C H; with H; C H; \ {e1,...,e;—1} and
e; € H; for all 2 < ¢ < h, and any integer r > 2, define coefficients
¢i = ¢;((Hy,m),Ha,...,Hp,r) recursively by

c=r,
i—1

ci:=(r—-1)- chl{eieHj}, 2<i<h,
j=1

(where 1(c,eq,y = 1if e; € Hj and 1i.,cq,3 = 0 otherwise), and set

h
1 v ci(e(H;) — 1
d"™(Hy,m) = max + Zfl cile(Hi) — 1) .
Havly 2+ Y, cilo(H:) ~2)
(6.27)
Furthermore, we set for any integer r > 2 and any nonempty graph F

TR = i ™ (H .
m"™(F) ﬂeﬁ?g}n)é?%’%d (Hi,7|#,)

The threshold of the Achlioptas game with parameters F' and r is then
given by No(F,r,n) = n>= /™" (F),

We now prove that m”™(Cy ) is bounded from below as claimed in the
lemma. Let m = (e1,...,ep) be an arbitrary permutation of the edges
of Cp . Denote with ey, ,..., e the first edge in each of the %k cycles of
Cy.; according to , in order of their appearance in 7. (Thus in particular
et, = e1.) Let C,...,Cy the corresponding cycles in Cyy, ie. e, € C;
for all . Choose

Hi: Bik Z:%{tl,...7tk}.
Ui G5 i=1t;
Note that this choice is compatible with the requirements of (6.27]). This
yields
e(Hy) = (k—j+1)¢
v(He,)=(k—j+ 1) —-1)+1,

J

and

r j=1
o .
t (r—1ri=t j#1.
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Note that the coefficients ¢; for ¢ ¢ {t1,...,1;} are not required, as both
e(H;)—1 and v(H;) — 2 are 0. It is somewhat tedious but straightforward
to verify that

LY ele) =1) (=D +1ek-1)

2+Z?:1Ci(U(Hi) —2) (rl=2)+1)(rk—-1)+r—-1

As this holds for any edge ordering m € II(E(Cy 1)), we readily obtain the
desired lower bound

Tk O — M d’l"* H
m"™ (Cyx) peihl, (Hy,7|m,)

(r(l —=1)+1)(r* — 1)

Z =1 00— D rr—1 =

Theorem now follows, after some calculation, from Lemmas [6.14
and 618

6.6 Proofs for the vertex Achlioptas upper
bound

6.6.1 Upper bound for the Achlioptas game

In this section we prove Theorem [6.3] The proof here is an adaptation
to the vertex case of the corresponding edge-case proof in [MSTI1]. We
make use of Theorem [6.4] (ignoring the last sentence in its statement;
this is restated and proved as Lemma below) and a technical lemma
(Lemma below), both of which are proved in the next section.

Before we start we wish to present the following adaptation to r-matched
graphs of Bollobds’ classical small subgraphs result [Bol81].

Theorem 6.16. Letr > 2 be a fized integer, and let F be a fixed r-matched
graph with at least one edge. Define

YF) e max S
)= R Ly
K(H)>0

Then the threshold for the appearance of F in G"(n,p) is

po(n) =2/ (5,
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Further, if p > n~ Y™ (F) we have that the number of copies of F in

G"(n,p) is a.a.s.
@(nn(F)pe(F))-

One can prove this by an easy application of the first and second moment
method. We do not require this result, but it is useful to gain a better intu-
ition for our proof. Note that we could state the first part of Theorem [6.16]
equivalently as follows.

Theorem 6.17. Letr > 2 be a fized integer, and let F be a fixed r-matched
graph with at least one edge. Let 8’ = 0'(F,r) be the unique solution of

. !
min pur(H) =0,

where piy g s defined in . Then the threshold for the appearance of F
in G"(n,p) is

po(n) =n=".
Concerning the second part of Theorem [6.16] recall also that for p =
n~? we have n"(F)pe) = prro(F)  The two “dual” formulations of our
threshold result in Theorem and (the last sentence of) Theorem [6.4]
are related to each other similarly as the two statements above.

In order to prove Theorem it is not sufficient to consider only a graph
F, we additionally need to consider the order in which its vertices are
presented to the player. In our proof this is encoded by an ordered graph
(F,m). Recall that when we use terms such as first or last for the vertices
of F' we mean this with respect to the order in which they are presented
to the player. In that context, for m = (u1,...,us) the last vertex is u;
and the first uy.

If as an adversary we wanted to force the player to create a copy of F, we
would wish to be able to present r copies of F__ (F without the last vertex),
an additional r-set, and edges such that choosing any of the vertices in the
r-set completes a copy of F_ to a copy of F. In such a situation the
player has no choice and loses. Of course the player could try to avoid
creating copies of F_ in the first place, so that this situation does not
arise. However, applying the same argument recursively, we could force
the creation of r copies of F_ by r? copies of Fp_ (F missing the last
2 vertices), r many r-sets, and all edges necessary to join each of the r?
vertices in the r-sets to a different copy of F5_, in such a way as to form
r?2 many “threats” for the player. The player must choose one vertex in all
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of these r many r-sets and is thus forced to create r copies of F_. We can
continue this reasoning recursively until at the tail end we have r?(f)—1
disjoint r-sets, out of each of which the player is forced to choose 1 vertex.
Assuming that such a recursive “history graph” for F' appears in the game
in the correct order, it would guarantee that the player is left no choice but
to create a copy of F'. We denote such a construct with 7 and formalize
its definition below.

In the following, a grey-black r-matched graph is a tuple H = (V, E, K, B),
where (V, E,K) is an r-matched graph, and B is a set of vertices containing
exactly one vertex from every r-set in K. We interpret B as the set of
vertices chosen by the player during the game, and call them the black
vertices. The remaining |KC|(r — 1) vertices are considered grey (to indicate
“presented but not chosen”). Sometimes we ignore the coloring and tacitly
identify H with the underlying r-matched graph (V, E, K).

Recall that the board of the game is distributed as a random r-matched
graph G"(n, p), and that we defined its state after 1 < i < n/r rounds with
G;. For the purpose of this section we additionally require information
about which vertices were chosen by the player. To this end, for each
1 < i < n/r,in this section we append to G; the set B; of vertices chosen
by the player up to round ¢ and consider G; to be a grey-black r-matched
graph.

Definition 6.18. Let (F,m) be an ordered graph with m = (u1,...,uy).
Then we define the grey-black r-matched graph F] and a distinguished
black copy of (F, ), the central copy of (F,7) in F, recursively as follows

T

o Ifv(F) =1, then FT consists of one r-set with a distinguished black
vertex. This vertex is the central copy of F' in F.

o If u(F) # 1, then F consists of the disjoint union of r copies of
(F\ul):\u1 , denoted F™ 1, ..., F™ . an additional r-set (vy,...,v;.),
and r degp(u1) many additional edges which for all1 < i < r connect

v; to F7 ; and extend the central copy of (F'\ ui, 7\ u1) in F™ ; to

a copy of (F, 7). The vertex vy is chosen as black and the copy of
(F,m) containing it is the central copy of (F,m) in FT.

We refer to the additional r-set in the recursive step as the central r-set
of FT.

As explained above, if the r-sets of a copy of F;" are presented to the player
in an ordering such that all r-sets deeper in the recursion are presented
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before those at lower recursion depths, then the player is forced to create
a copy of F'. As it turns out, the threshold for this to happen in the game
coincides with the threshold for the appearance of FT in the random r-
matched graph G"(n,p) (as an r-matched graph without any ordering or
coloring). This last threshold is given by Theorem

Note that the ordering 7 on the vertices of F' is crucial. For different
choices of 7 the corresponding grey-black r-matched graphs F may have
very different thresholds for their appearance in G"(n,p). As the player
has no influence over the order in which r-sets are presented to her, the
threshold for the game is bounded from above by, and indeed coincides
with, the lowest threshold for the appearance of F over all choices of
m. lLe., the threshold stated in Theorems and can alternatively be
written as P
: —1/m"(E[
po(Fyr,n) = petiin
where m”(F7) is as defined in Theorem

At a high level, the proof is an induction over v(F') and mirrors the recur-
sive definition of F". At each step of the induction we divide the r-sets
presented to the player in 2 halves. We let the player play on the first
half and by induction we know that a.a.s. she must have created many
copies of (F'\ u1)™ % (in the notation of Definition . Then we let
the player play on the second half of the r-sets and argue via first and
second moment method that, conditional on a “good” first round, a.a.s.

enough r-sets presented in the second round are connected to r copies of
(F\ up)™ " as in Definition

To apply the second moment method we need the following lemma, which
essentially states that for p > n=?, where ¢’ is defined below, the expected
number of copies in G"(n, p) of any subgraph of FT is w(1), cf. the remark
after Theorem [6.17

Lemma 6.19. Let v > 2 be an integer, and let (F,7) be a nonempty
ordered graph. Let F™ be as in Definition and let 8 = 0'(F,m,r) be
the unique solution of

)

: !
min Aro(H,m|g) =0, (6.28)

where Arg() is defined in (6.4). Then every r-matched subgraph J C FT
satisfies
Hr,67 (J) 2 07

where pro () is defined in (6.6)).
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The proof of this lemma is long and technical, and therefore postponed to
the next subsection.

The next lemma implements the inductive proof strategy outlined above.
The parameter ¢ ensures that we can require inductively that r - ¢ copies
of e.g. (F'\ ul):\"l evolve into t copies of F.

Lemma 6.20. Let r > 2 be an integer, and let (F,7) be a nonempty
ordered graph. Let t > 1 be an integer, and let FT :=t - FT denote the
disjoint union of t copies of FF. If 1> p > n=, where §' = O (F,m,r)
s the unique solution of

. !
glgl%)\rﬂ(HvﬂH) =0,

and Arg() is defined in (6.4), then a.a.s. the number of copies of FT (as
a grey-black r-matched graph) in G, /. is

Q(nﬁ(f:)pE(}':)) (6.29)
regardless of the strategy of the player.
Before we prove this lemma, we show how it implies Theorem [6.3

Proof of Theorem[6.3} By the equivalence stated in Theorem[6.4] (and proved
in Lemma below), it suffices to prove that for p > n=0 (F7) the player
will a.a.s. create a copy of F' no matter how she plays. Let 7 € II(V(F)) be
an ordering maximizing the right hand side of (6.5)) for § = 6*(F,r), such
that 0*(F,r) = 0'(F,x,r) for § as in Lemmas and Applying
Lemma, @ for t = 1, we obtain that G/, a.a.s. contains

QnrF) peF)) s pttnos (F) > 1
many copies of F7, where the last inequality follows from Lemma [6.19]

The central copy of (F, ) in each of these copies of FT is black, i.e. all its
vertices were selected by the player. O

We now prove Lemma [6.20, giving the main inductive argument of our
upper bound proof.

Proof of Lemma[6.20 We prove this lemma by induction on v(F') using
the second moment method.
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To simplify the notation we drop all subscripts r from F and F.

As a base case for the induction we consider the case of an empty F. The
lemma does not apply to this case directly (as 6’ is not well-defined), but a
statement equivalent to still holds and is all that we require for the
induction. If F' contains no edges then F™ contains no edges either and
consists only of x(F™) many disjoint r-sets. It trivially holds that G,
contains ©(n**")) many copies of F7, regardless of the choice of p.

To discuss the induction step we first introduce some notation. Let m =
(ui,...,uf), == = m\u; and F_ = F \ u;. Further let F™ denote the
grey-black r-matched graph (F_)"-, and denote by F™ the disjoint union
of rt copies of F™.

We use a two-round approach for the induction step. In the first round we
let the player make her choices for all r-sets in G,,/(2,). By the induction
hypothesis we obtain a lower bound on the number of copies of 7™ that the
player must have created which holds with high probability. Conditioning
on the fact that the bound from the first round holds, we then derive a
bound for the number of copies of F™ which the player is forced to create
when she is presented the remaining r-sets in G, ;.

Note that if F_ is nonempty, then '(F_,7_,r) > 0'(F,m,r) (cf. (6.28)),
and we can apply the induction hypothesis for ¢ < 7 -t and (F,m) «
(F_,m_) to Gp/eary. If F_ is empty we apply the base case of the induction
described above.

We have that a.a.s. at least
N = eI peFT) (6.30)

copies of F™ are created in the first round for some appropriate constant
¢ > 0. For the second round we condition on this event (and also on
below, which is however irrelevant for the time being). We fix a set of
exactly N copies of F™ (say the N lexicographically first ones), and only
consider these throughout the following.

Recall that by the construction given in Definition [6.18] we can extend
r copies of F™ to one copy of F™. To do so we add one new r-set and
rdegp(ur) edges (up is the last vertex of (F,7)). Each of the r central
copies of (F_, m_) is connected to a different vertex of the r-set by deg(u1)
edges and becomes a copy of (F, 7).

By repeating the above ¢ times in parallel, any ¢ disjoint r-sets presented in
the second round together with one of the IV copies of F” can be extended
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to a copy of F™, provided that the required edges appear in the second
round of the game.

Let M be the number of possible pairs of ¢ disjoint r-sets and one copy
of F™. We index these pairs with ¢ = 1,..., M. For each such pair there
may be several possible edge sets which extend the pair to a copy of F™
as described. We fix one arbitrarily and denote this edge set by T;. We
denote with F]* the copy of F™ that is created if all edges of T; appear
during the second round. Note that |T;| = ¢ - rdegg(uy) for all i. By K;
we denote the family of ¢ disjoint r-sets that belongs to pair i. Note that
each such family belongs to N pairs in total.

There are O(n') possible ways to choose the r-sets, so we have
M= G(nt) "N e(ntJrn(}_f)pe(}_f)) _ @(nn(}'”)pe(]—_ﬁ))' (631)

For ¢ =1,..., M we define the indicator variable Z; for the event that T;
is contained in G, /.. Set Z = Zf\il Z;. Note that Z is a lower bound on
the number of copies of F™ created during the second round.

For each Z; we have
E(Z)] = P[Z; = 1] = prtdeer(u), (6.32)
For the expected value of Z, conditioned on (6.30]), we thus obtain

M
E[Z] =Y E[Z] Mprtdesr(n) O(n*Fp ). (6.33)
i=1

To apply the second moment method, we need to bound the variance
of Z. Denote by I C {1,..., M}? the set of pairs of indices (4, j) such that
T;NT; # 0. For (i,j) € I let k;; = K; NK; and t;; = |T; N T}|. For such
pairs of indices we have

E[ZiZj] _ p2rt degp(u1)—tij )
For indices ¢, j with 7; N T; = @ on the other hand Z; and Z; are indepen-

dent and can be dropped from the variance calculation. We obtain

Var[Z]

M
> (Blz:z)) - ElZE(Z)) < Y ElZ:Z)]
ij=1 (i,5)el (6.34)

E p2rt degF(ul)ft.;j'

(i,5)€l
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Let J C F™ be a subgraph that contains at least one of the ¢ central r-sets
of the t copies of F™ in F™. Denote with K7 the family of these central
r-sets in J, and with k7 := | 7| their number. Let J_ be the r-matched
graph obtained from J by removing K7 and all incident edges. Let Ty
be the graph induced by the edges of J between K ;s and J_

Let M7 denote the number of pairs (¢, 7) for which the intersection of F[
and FT is isomorphic to J. Note that then t¢;; = e(Ty) and |K; U K;| =
2t — Reg.

We will bound M s by the number of (uncolored) copies of 7™ Us_ FT
which are created in the first round times the ©(n?~"7) choices for K;
and K; from all -sets of the second round. Here 7™ Uy FT denotes an
uncolored r-matched graph formed by the union of two copies of 77 which
intersect in J_.

Let thus M’ denote the number of copies of 7™ Uy F” contained in
G /(2r), multiplied with the number of choices for K; and K; from the r-
sets of the second round. Note that M, is a random variable that depends
only on the edges of the first round, and that My < M’;. We have

]E[ ] _ (TLQH —r(J- )er(}'Z)fe(Jf))_@(thfnJ)
@(nQ'ﬁ(}-ﬂ) 26(7'-”)) —K(J—)—HJP—E(JJ
(
(

(6.35)
=0 MQ) —r( ) —e(J-)

— O(M?)n ) eI He(Ts)

As F7™ consists of ¢ disjoint copies of '™ we can apply Lemma [6.19 once
for each intersection of J C F™ with one of the copies of F'™. For every
such intersection J C F™, as p > n~?, we have by Lemma that

R e o pr(DF0e() B o) _ (1)

As t is a fixed constant the same holds if we replace J by J. Together
with (6.35) and Markov’s inequality this implies that a.a.s.

MY < M?petT7) (6.36)

(i.e., for an appropriate function f(n) = o(1) a.a.s. it holds that M

fln )M2 ¢(T7)). As the number of Ways of choosing J C F™ is a constant
depending only on F, r and =, (6.36) holds a.a.s. for every possible choice
of J simultaneously. For the second round we condition on the first one



6.6. Proofs for the vertex Achlioptas upper bound 115

satisfying (6.30) and (6.36) for all 7 C F™. With this we obtain from
(6:33) that

Var[Z]: Z p2rtdegp(u1)*t¢j: Z Mjp2rtdegp(u1)fe(TJ)

(i,9)€l JCF™:
Iijzl
< Z M&pQTtdegF(ul)fe(Tg) < (Mprtdegp(ul))2 E[Z]2
JCF™:
K/gzl

By the second moment method this implies that a.a.s. Z = © (n"(}—w)pe(}—w)),
and that thus at least this number of copies of F™ are created in the second
round. O

6.6.2 Proofs of the technical lemmas

The proofs in this section are essentially line-by-line translations of the
analogous proofs in Miitze et al. [MSTTI] from the edge to the vertex
case.

Together with Theorem [6.3] the following lemma proves Theorem [6.4]

Lemma 6.21. Let F be a fixred nonempty graph, and let r > 2 be a fized
integer. Let 0* = 0*(F,r) be the unique solution of

Aro(F) £ 0,

where A o(F) is defined in (6.4) and (6.5)). Then we have

1

m(F) = 9 (F,r)’

Proof. For any nonempty ordered graph (F,m), set

H(F,n):= {H = (Hi,0),Ho,...,H) | HL C F
/\0':7T'|H1 :(ul,...,uh)
A Vi Z 2: (Hl QHl\{ul,...,ui_l}/\ui EHZ')} (637)
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(cf. the maximizations in and (6.3)). For all H € H(F,r) we define

h
= Z cie(H,
i=1

v (H) =1 —I—Zci(v(Hi) -1),

(6.38)

where the coefficients ¢; = cz(ﬁ ,7) are defined as in (6.1). Furthermore,
we define

pig(H) == o™ (H) — 0™ (H). (6.39)

Note that by the definitions in and (| ., we have

m™(F,m) = min  max d"™*(Hy,7|g,)
Rell(V(F)) HiCF

= min

e*(H) 1
reT(V(F)) HE’H(F ) vr*(ﬁ

) 0 (Fr)’
where 6**(F,r) is the unique solution of

o
max min ro(H) =0.
n€Il(V(F)) HeH (F,x) s ’9( )

To prove Lemma [6.21] it suffices to show that the left hand side of the last
equation equals A, g(F') as defined in (6.5). We will do so by showing that
for any nonempty ordered graph (F,7) and any r > 2 and 0 < 6 < 2 we
have

min H) = min Aro(H, | ). 6.40
() = i A o(H. ) (6.40)

The remainder of the proof is devoted to establishing (6.40). To simplify
the notation we consider r and 6 fixed and drop all corresponding sub- and
superscripts. In the following equations we define the quantities €, ¥ and
i, which depend on the choice of an ordered graph (Hy, o). In principle
we should write €y, 5y, U(m,,0) and fi(g, ), but we omit this dependency
from the notation as well.



6.6. Proofs for the vertex Achlioptas upper bound 117

Consider the following recursive definitions for 1 < i < h:

h
e(H,. .. ,Hh) = e(Hz) + (7“ — 1) : Z 1{u_7€Hi}é(Hj7 .oy Hy)
j=i+1
h
0(Hi,...,Hp) ==v(H;) =1+ (r—1)- Z Liueny0(Hj, ..., Hp).
j=i+1
(6.41)
We can now write e*(H) and v*(H) as
e*(H)=r-é(H,..., H
(#) (H, n) (6.42)

v (H)=1+r-0(Hy, ..., Hy).

This can be verified by induction, using the definition of ¢; in (6.1)) and
noting that for 1 < k < h we have

k h k
6*(ﬁ):ZCi€(Hi)+(T—1)~ Z (Zcil{ujeHi})é(ij-~7Hh)

j=k+1 i=1

k
i=1

Y (r—1)- Eh: (f: cil{ujeHi}>1~)(Hj, . Hy),

j=k+1 i=1

which is equivalent to (6.38)) for k£ = h and to (6.42)) for kK = 1. Combining
(6.41)) and (6.42) via (6.39)) also yields that

—

u*(H):1+Tﬁ(H1,~";Hh)7 (643)
where
h
f(H;, ..., Hy) = (0(H;)=1)—0e(H;)+(r—1) > lpy,emyi(Hj, ... Hy).
j=i+1
(6.44)

It follows that for any fixed subgraph H; C F and o := 7|g, = (u1,...,up)
the following holds: for 1 < < h and any graph H; C Hy \ {u1,...,u;—1}
with u; € H;, the value

Ay, 0) (Hyy 1) i= min iw(H;, ..., Hy) (6.45)

Vj>i+1:H; CHi\{u1,...,uj—1}Au; €H;
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can be computed recursively via

Nty (Hi i) = (v(H;) — 1) — fe(H;)
h

~-1)- Liuem) - i A Hj,j).
+(r=1) j;l (e} B M) (H) )

(6.46)

In the remainder of the proof we simplify the recursion on the right side
to relate it to A() as defined in (6.4)). First we show that we can get rid of
the dependency on (Hy, o), and that the value of /N\(th)(Hi, 1) in fact only
depends on the isomorphism class of (H;, o|g,). To this end, we prove that
for any fixed ordered graph (Hy, o) there exists a sequence Ha, ..., H C
Hy as in minimizing f(Hy, ..., Hy) with the additional property
that

u; € H;, = Hj C H,. (647)

Let Ha, ..., H) C H; be graphs minimizing ii(H, ..., Hy) such that every
H; is inclusion-maximal, and assume for the sake of contradiction that
there exist indices 2 < ¢ < j with u; € H; but H; Q H;. Our choice of
Hy, ..., Hy, implies that for H; := H; U H; and H} := H; N H; we have

[L(Hzlvah)_/l(Hz,,Hh) >O7
.a(Hja"'aHh)*[L(H]/',...,Hh) <0,

where the first inequality is strict due to the inclusion-maximality of H;.
Expanding the above equations according to (6.44)) yields that both terms
are equal to

(v(H;) — v(H))) — 0(e(H;) — e(H))+
h

+(T—1) Z 1{u1«€Hj\Hi}la’(Hk7"'7Hh)a
k=j+1

which is a contradiction. W.l.o.g. we may therefore assume that (6.47)
holds, and that in (6.46) we can minimize over subgraphs of the graph
H; \ {u;,...,uj_1} instead of subgraphs of Hy \ {u1,...,u;_1}.

Observe that in (6.46)) the context (Hi, o) is now irrelevant, and that we
only require the ordering o|y, on the right hand side. Setting

x(Hl,O')(I{’L'aZ.) = X(H“O'|H1) (648)
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and changing notations accordingly, we obtain from ((6.46)
AH, ™ =: (u1,...,up)) = (v(H) = 1) — Oe(H)

(r—1) N, 7]y). (6.49
2JCH\{u1 ..... u] 1hu;ed ( |J) ( )

Next we get rid of the sum in the equation above as follows:
NH,7) = (v(H) — 1) — Oe(H)
+(r—1) JgHr\IzltilrzluzeJ/\(JJ‘J)
h -
+(r—1)- ;3 JQH\{%@;A}MEJA(J,T|J).
= (v(H \u1) = 1) + 1= 0e(H \ u1) — 0 degy (u1)
+(r—1) JQHI\rzlLilI:luQEJA(J7T‘J)
h

+(r—1)- Z min A, 7).

JCH\{u1,...,uj_1}:u; €J

j=3
=1+ S\(H\ul,ﬂH\ul) —0degy(u1) + (r—1) JCHI?&L)\(J T|y).
ug€J
(6.50)
Substituting
MNH,7) = MH \ uy, 7\ up) — 0deg (ur),
(H\ulvT\ul) = (va)a (651)

Uy =: Uy
we see that the last line of (6.50) is equivalent to
AMH,7) =1+ XH \ @, 7\ t1) — 0 deg 7 (1)
+(r=1) min (A \ @, Fla,) - 0deg (@) ).
ulej

which is the recursive step in the definition of A() in (6.4). Moreover if
(H,7) = (H \ u1,7 \ u1) contains no vertices (i.e. H is a graph on 1 vertex
and therefore no edges) we have

NA,7) B2 S(H 1) 4 degy (un) = MH, ) CED o — A, 7).
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This takes care of the base case and implies that A(H,7) = \(H,7) for
all ordered graphs (H,7). Thus we have for every fixed (Hi,0), 0 =
(u1,...,up), that

. - (6.45)
min i(Hy, ..., Hp)
Ha,...,Hp
Vj>2:H; CHi\{u1,...,uj_1}Au;€H;

AHy o) B2 X(H, \ un, 0\ un) — Odegyy, (ur)
= A(Hy \ur,0 \u1) — 0degy, (u1). (6.52)

Ay ,0) (H1, 1)

Still using the notation 7|y, = o = (u1,...,un) (cf. (6.37))), equation
(6.40) now follows from

min ()

s

HeH(F,x)
£ min {1—|—T- min /](Hl,...,Hh)}
H,\CF Hs,...,Hp
VjZZ:HjQHl\{ul,..‘,uj,l}/\u]'GHj
16.52)) .
= fgngr}w{l +r(AH \ w10\ ur) — 0 degyy, (Ul))}
@1z . .
=" min A\ g(Hi,0) = min A\, o(H, 7|n),
H,CF HCF

where in the last step we applied Lemma to the family of all ordered
subgraphs of (F, 7). O

It remains to prove Lemma [6.19}

Proof of Lemma[6.19] For this proof we require an extension of the defi-
nition of connectedness to r-matched graphs. We call an r-matched graph
H = (V,E,K) connected if for any 2 vertices u,v € V which are not part
of the same r-set, there exists a sequence of r-sets Ki,..., K; € K such
that v € K7, v € K; and there exists an edge between at least one vertex
in K; and one in K4, for all 1 <i <¢— 1. Since the value of p, ¢() for a
disconnected r-matched graph H is simply the sum of the values of i, ()
for all connected components of H, it suffices to prove the claim for all
connected r-matched subgraphs J C F, i.e. to prove that for any integer
r > 2 and any 0 < 6 < 2 we have

min. :U’T,Q(J) = II;THCHFI‘ )\T,G(H77T|H)~ (653)

J connected
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For the remainder of the proof we consider r and € fixed and drop the
corresponding subscripts from the notation.

Let m = (u1,...,uy), and define F;_ := F\ {uq,...,u;} and m;_ = 7|p,_.
For any grey-black r-matched graph (F;_)™- we call the r-set containing
the vertex w41 of its central copy of F;_ the central r-set.

Let J be a connected subgraph of F'™, and let 0 < i < f —1 be the largest
index such that J is also contained in a copy of (F;_)™-. By the maximal
choice of 7 and the connectedness of J, the graph J contains the central
r-set of this copy. With this we can reformulate equation (6.53) to

min min w(J)= min min ANH,7|g). (6.54)
0<i<f—1 JC(F,_ )i 0<i<f-1HCF,_:
K(u;+1) € J A J connected ui+1€H

where we use K(u;1+1) € J as a shorthand notation to indicate that J
contains the central r-set K (u;41) of (F;—)™~. We now show that the inner
minimizations of are equivalent. By changing variables (F' < F;_
and 7 < 7;) this reduces to showing that for any ordered graph (F, ) we
have

i = mi H . .
e M J) I_rlrgg)( . 7|m) (6.55)
J connected u1 €H

For any r-matched graph H we refer to a subgraph J C H that minimizes
w(J) as a rarest subgraph of H. To determine a rarest subgraph of F™ we
can make use of its recursive structure.

Let 1 <4 < f — 1, and consider a fixed copy ()™~ of (F;_)™~ in F'".
By F;— we denote the central copy of (F;—,m;—) in (F;-)"~, and by ;
the vertex that completes F;_ to a copy of (F(;_1)—,m;_1)—). Moreover,
let (ﬁ'(i_l)_)’T(i—l)— denote the copy of (F(;_1)—)"¢-1~ that is formed by
(F;_)™~, K(@;) and 7 — 1 other copies of (F;_)™i-.

Note that the r copies of (F;_)™- joined at the central r-set K(d;) =
(Wi, ur) of (F(i_l)_)”(i*)* are essentially independent: For each
vertex u;¢, 1 < ¢ < r, we consider the graph obtained by removing
from (ﬁ'(i_l)_)”(i*)— the r — 1 copies of (F;_)™- that are not associ-
ated with w; ¢, i.e., whose central copy of (F;_,m,_) is not connected by
degp,_, (u;) edges to u;¢. (If degp, (u;) = 0 we associate the copies
of (F;_)™~ with the vertices of K(u;) arbitrarily.) We call this graph the
branch of (F’(i,l),)”@*l)* corresponding to u; ¢. Note that this is still an
r-matched graph and that all » branches contain the central r-set K (a;).
By the linearity of u(H) in e(H) and k(H), a rarest connected subgraph
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of (F(i_l)_)”“—l)— containing K (4;) can be found by determining a rarest
connected subgraph containing K(#;) in each branch of (F(i_l)_)“(i—”—
independently. Let J; denote an arbitrary fixed such rarest subgraph. Note
that in particular we can compute pu(J) as on the left hand side of
as

p(J) =1+r(u(J) - 1). (6.56)
Similarly, we can find a rarest connected subgraph J; containing K (t;) for
a branch of (F;_1)_)"¢=1~ by determining an optimal choice for H; :=
JiN F(i—l)—~ For any choice of H;, by recursion, for each vertex u; of H;,
i+1<j < f, wealready know a rarest subgraph containing K (uf;) for all
the r — 1 remaining branches of the copy of (F(;_1)_)™@~>~ corresponding
to the other 7 — 1 vertices of K (u}). Letting jj, 1+ 1 < j < f denote such
rarest subgraphs, we obtain that the value of u(J;) resulting from a given
choice of H; C F(;_1)_ is

f

u(Ji) = v(H;) = 9e(Hi) + Y Liwen,y (r— D)) - 1).
j=i+1

Here we used that for i +1 < j < f all » — 1 many copies of jj share one
r-set, and that each such r-set also contains one vertex of v(H;).

Substituting u(J;) — 1 =: A(px)(H;, 1) in the above equation yields for
1 <4 < f the recursion

Ny (Hy, 1) = (v(H;) — 1) — Oe(H;)

f
F(r—1) 1w em min AEym) (Hj, )
j;rl fuse '}ngHllg?ﬁ;"“jfl}: i

This is essentially the same recursion as (6.46]) in the proof of Lemma
Analogously to the proof of Lemma[6.21] one can show that

S\(F;n—)(Hh 1) = MHy \ u1,0 \ uy) — 0degy, (u1), (6.57)
where o := 7|g, (cf. (6.52))). Finally
min M(J)6§6r(,u(j1) —-1)+1=_min 1+r- A(Hqp,1)

JCF™:K(u1)edJ
AJ connected

HyCFwu€H

() .
N ngrz«pziﬁeml + 1 (AH \ w1, 0\ ) — 0 degp, (u1))

(6.12)

= HiCPuet, A(Hy,0) = Hggl:geH/\(H’W'H)'
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In the last line we applied Lemmal6.9]to the family of all ordered subgraphs

of (F,m) that contain the vertex u;. This shows (6.55) and finishes the

proof. O
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